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ABSTRACT
A lack of knowledge about the strengths of adhesively bonded metallic and organic 
coated sheet steel has been hindering proper application of these metallic materials for
\ >r
practical purpose in Australia. To address this problem, first an extensive database on 
the initial joint strengths were compiled. Lap shear test and Width Tapered Cantilever 
Beam test geometries were employed for evaluating the average stress at failure and the 
fracture energy of adhesive joints respectively. By observing the mechanism of failure 
and the data on joint strengths, reasons explaining why some adhesives formed a 
stronger joint than the others were determined. Extensive surface characterisation 
techniques by SEM, AFM and contact angle goniometer were utilised for these 
investigations.
It was evident from these studies that a correlation existed between the joint fracture 
energy ’Gc' and total thermodynamic work of adhesion 'Wa 1. The acid - base 
interaction between adhesive and adherend was found to be influencing the joint
strength. 'Gc' was affected by the bulk fracture energy of the adhesive 'Ga'. It was
* ,/
evident that a joint strength model could be developed on the basis of some correlation 
between 'Gc' and 'Wa ' and Ga'. For the establishment of the model, polished steels 
and unfilled adhesives were selected. A statistical software package was utilised for 
correlating 'Gc' with 'Wa ' and 'Ga', thereby establishing a model for predicting initial 
joint strengths.
The durability of adhesive joints on exposure to a harsh environment were observed by 
exposing lap shear and 'wedge test' samples to a proper environment. The mechanism 
of failure were also studied by unaided eye. Moisture absorption studies were also 
carried out using epoxy and polyurethane adhesives. It was observed that although a 
decrease in joint strength of epoxy bonded joints every month may be related to 
moisture absorption, the overall strength retention may not depend on this factor alone. 
For polyurethane adhesive, joint strength decay was influenced to a greater extent by 
the adhesion mechanisms rather than moisture absorption.
1
CHAPTER 1 - LITERATURE REVIEW
1.1 Introduction
Adhesive bonding utilises the interaction between adhesives, which are usually 
organic polymers, and metallic, ceramic or organic adherends in order to form a joint. 
Although adhesive bonding is an ancient joining method, significant recent developments 
in synthetic polymers have advanced adhesive technology as a unique and versatile 
joining technique. The successful use of adhesives in aerospace applications is well 
documented (U and demonstrates the potential of adhesives as a joining method.
In general terms, joining materials by adhesion offers certain advantages, which 
include technical, production and economic aspects (Figure. 1.1). Adhesive bonding can 
give increased performance of the joint as it can alleviate problems associated with 
galvanic corrosion, heat distortion and stress concentration effects that afflict other 
joining technologies.
Figure 1.1: Technical, production and economic aspects of adhesive technology (2).
There are certain limitations also associated with adhesive bonding. The joint is usually 
weaker than can be achieved with fusion processes (although correct joint design should 
ensure that failure occurs within the adherend). The selection of an adhesive must be
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specific to the adherend and the service conditions, which means that adhesive selection 
is a highly specialised procedure. The major disadvantage in using adhesives for 
structural bonding, however, is the poor long term performance that has often been 
observed, particularly when bonding metallic adherends (*).
For this reason, adhesive bonding is generally regarded as unreliable, and 
therefore is often overlooked as a joining technique in many industries. The experience 
of the aerospace industry, however, indicates that problems of poor durability can be 
overcome by appropriate modification of the adherend surface. This experience, and the 
technology developed within the aerospace community is now being transferred to other 
industries, and the benefits of adhesive bonding are being realised in certain areas.
Adhesive bonding of steel can still be regarded as under-utilised, although it is 
widespread in the automotive and construction industries. Most of these uses are 
currently non-structural (e.g. hemmed edges around doors, or semi-structural (e.g. 
bonded stiffeners on large panels, such as bonnets). Significantly more adhesive 
bonding could be used to replace other joining techniques, such as spot welding, in 
automobile construction if structural bonding was exploited. There are case studies 
which demonstrate that adhesives can be successfully used in structural joints in 
automobiles. For example, Driver (2> has described the use of epoxy adhesives for 
bonding a composite drive shaft to a steel coupling in a Peugeot vehicle. That model won 
the Paris to Dakar rally in 1985 and subsequent years. Considerable research (3- 4) has 
been devoted to exploring the use of adhesives for bonding sheet steel as used in auto 
manufacture.
Many other industry sectors could also benefit from greater use of adhesive 
bonding. One factor that is driving the increased use of adhesives is the major trend 
evident throughout the world in the increase in use of coated steel sheet. For example, the 
galvanising capacity in the USA is increasing and was projected to hit 15 million tonnes 
per year (5) at the end of 1992. Prepainted coated steels (for example, BHP Steel's 
COLORBOND®) have also experienced rapid expansion in use. The product has 
become extremely attractive to manufacturers (e.g. in the white goods industry) as it
3
offers a more cost effective production method and alleviates environmental problems 
associated with solvent based paints.
Along with these significant advantages, the new coated steel products also pose 
certain challenges, and the method of joining is one of these. For example, prepainted 
steel cannot be spot-welded, mechanical fasteners may not be desirable, and riveting is 
usually too expensive. Thus, the joining technique of choice is adhesive bonding. 
Consequently, the increased use of the prepainted steel demands a greater knowledge of 
the performance of adhesively bonded prepainted steel joints. This review will consider 
the state of knowledge concerning the adhesive bonding of all types of coated steels.
To that end, the report briefly reviews the fundamental principles of adhesion 
(Section 1.2), as well as the application of modern thermodynamic theories to the 
prediction of bond strengths (Section 1.3). The various methods for characterising the 
structure of the interfacial region, and for determining bond strengths and durabilities are 
also described (Sections 1.4 & 1.5). More specific details are then given from 
experimental studies of the bond strength and durability of uncoated and coated steels 
(Sections 1.6 & 1.7). Finally, a summary of the knowledge of the adhesion of bonded 
coated steels is presented, along with a description of the research to be conducted as part 
of this thesis.(Section 1.8).
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1. 2 .  Mechanism of adhesion
The overall process of adhesion involves a series of interconnected mechanisms. 
The first requirement for any adhesive bond is that intimate contact must be achieved 
between the adhesive and adherend, since the forces of adhesion only operate over 
atomic distances. To achieve this, the adhesive is applied in liquid form so that the micro­
roughness of the adherend surface is fully wetted by the adhesive (Figure 1.2). The 
intermolecular forces acting across the interface give rise to tensile adhesion strength. 
However, to develop adequate shear strength in the joint, the adhesive must be 
transformed to the solid state. The processes of wetting and solidification, as well as the 
nature of the intermolecular forces, all affect the joint strength achieved.
Figure 1.2: Wetting of a surface by a liquid adhesive.(a) non-wetting, (b) complete 
wetting (6X
The science of adhesion encompasses all of these processes, but most of the 
work has been concerned with gaining an understanding of the means by which the 
interfacial forces are developed. The four theories describing the mechanism of adhesion 
are outlined in the following sections.
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1.2.1 Mechanical interlocking
This theory proposes that mechanical keying or interlocking of the adhesive into 
the irregularities of the adherend surface is the major source of intrinsic adhesion (t). An 
example where mechanical interlocking makes a significant contribution towards the 
bond strength is the plating of ABS plastic with metal. The ABS is etched and the 
rubbery particles from its glassy matrix are removed by oxidation to leave a porous 
surface on which copper is deposited (?).
1.2.2 Adsorption theory
This is the most widely applicable theory and proposes that provided sufficiently 
intimate molecular contact is achieved at the interface, the materials will adhere because 
of secondary bonds specially (Vein der Waal's forces) and/or primary bonds (chemicalV*
bonds involving ionic, covalent or metallic interfacial bonds) operating across the 
interface C1). Bond formation by this mechanism may be described on thermodynamic 
grounds, and bond strengths may be predicted by considering the changes in surface 
energies occurring during bonding and separation. These concepts are reviewed in 
Section (3).
1.2.3 Diffusion theory
This theory states that the intrinsic adhesion of polymers to themselves and to 
each other is due to mutual diffusion of polymer molecules across the interface and this is 
possible because macromolecules or chain segments of the polymers possess similar 
solubility parameters C1). The technique of solvent bonding of plastics is explained by 
this theory. It has also been suggested that the mechanism whereby an adhesive 
penetrates into the fine structure of a metal oxide is one of diffusion of the polymer into 
the interstices of the oxidef7).
6
1.2.4 Electrostatic attraction
It has been proposed that electrostatic forces develop at an interface between 
adhesive and adherends with different electronic band structures. These forces contribute 
to the transfer of electrons across the interface, thus creating positive and negative 
charges that attract one another-The adhesion of thin, vacuum deposited metal films on 
polymer adherends is considered to be due to electrostatic interactions (7X
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1. 3 .  Thermodynamics of adhesion
As described in the previous section, the most widely applicable model of 
adhesion is the adsorption mechanism. Significant advances have been made in 
understanding the effect of interfacial composition on joint strengths by assuming the 
adsorption mechanism applies, and by considering the thermodynamic implications. 
These approaches, and their practical consequences, are reviewed in this section.
1.3.1 Surface Energetics and Contact Angles
As previously mentioned, the requirement for strong adhesion by the adsorption 
process is intimate contact between the adhesive and the adherend. This occurs when a 
liquid is applied to the solid surface.Whether the liquid spreads across the surface (i.e. 
"wets" the surface) can be described by a thermodynamic approach.
Wetting of a solid 'S' by a liquid 'L' occurs when a unit area of 
solid/liquid interface is formed from the disappearance of unit areas of both 
solid and liquid surface. A free energy change accompanies this formation of 
new surface and is described by equation (1), known as the Dupre' equation:
A G sl= Ysl“Ys_Ylv = " Wa  •••(!)
Where y$ is the surface energy of the solid in vacuum, y$L is the interfacial free 
energy, yLV is the surface energy (or "tension") of the liquid in contact with its 
vapour, and Wa is the thermodynamic work of adhesion (8). Equation (1) 
shows that Wa is the work required to separate unit area of the two phases in 
contact (9) and this concept forms the basis for predicting bond strengths.
Measurement of the contact angle that a liquid makes on a solid adherend provides 
a means for determining surface energies. Thus, contact angle determinations have long 
been used in adhesion science. Young's (10) equation (2) is derived from the 
thermodynamic balance that exists at the three phase contact at solid/liquid/vapour point-
Ysv = Ysl + YlvCOS0 ...(2)
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where ysv is the surface free energy of a homogeneous, smooth and rigid 
adherend resulting from adsorption of vapour from the liquid C1) and 0 is the 
contact angle (Figure 1.3).
Experimental details describing the measurement of contact angles are 
given in Appendix A.
Figure 1.3: Three phase equilibrium as indicated by Young's equation (10).
1.3.2 Classical Thermodynamic Approach
By measurement of contact angles, the thermodynamic work of adhesion may be 
determined by combining equations (1 )and (2) to give the Young-Dupre equation (n );
W a = Yl v ( 1 + c o s 9 )  ...(3)
Initial interpretations of the Young-Dupre equation suggested that the maximum bond 
strength would be obtained when 0 = 0°, i.e. when the adhesive spreads spontaneously 
across the adherend. However, this explanation neglected the dependency of Ylv on 0. 
Empirical studies have shown that for many adherends a linear relationship exists 
between YLV and COS0, and this has enabled the calculation of optimal contact angles for 
maximum adhesion on these adherends.
Although this approach had some success, its validity has been questioned F). 
Since the fracture energy (Gc) of an adhesive joint far exceeds the work of adhesion 
value, it was proposed that energy is also expended in the deformation of the adhesive
material during fracture, and that this is the major contributor to bond strength. 
However, it was also demonstrated that this fact does not negate the importance of the 
Wa  concept, as the deformation energy is dependent upon the intrinsic adhesion G0 
which is dependent on Wa . The fracture energy is then described by equation (4): 
Gc=G0f(a,T,E) ...(4a)
Go=f'(WA) ...(4b)
where,'a'is crack speed,T is test temperature and e is strain
1.3.3 Advanced Theories of Adhesion Thermodynamics 
1.3.3.1 Prediction o f Bond Strengths
In recent times there has been considerable debate regarding the merit of the 
thermodynamic approach described above, and other related theories for the prediction 
of bond strengths. Gutowski (12) has reviewed the different approaches, which he 
has categorised in terms of the thermodynamic work of adhesion, the critical surface 
energy (yc) and the interfacial free energy (ySL)- The success of these different 
approaches has been mixed.
Many workers (13. 14, 15, 16) have assumed that the joint strength is in some 
way proportional to Wa * This assumption is based on the fact that the energy required 
to separate the surfaces is equivalent to Wa , and the force (F) required to achieve that 
separation is given by equation (5), in which 'r' is the distance of separation:
F =
WA ...(5)
Thus, a direct relationship between 'F' and 'Wa 1 is expected. Unfortunately, the 
experimental evidence does not support this relationship. Mittal (16) has shown that 
the joint strength increases to a maximum and then decreases with increasing Wa .
In a recent paper (134) Gutowski provided a theoretical explanation as to why
dWA"joint strength increases to a maximum and then decrease. By considering F= ------—
dr ’
he developed a relationship between "F", surface energy of fibre and energy ratio of 
fibre and matrix of a composite material and found thre was a linear increase in 
adhesive strength with increase in "Wa " for energy ratios within the range 3.0 to 1.1. 
Any further increase in "Wa " results in a decrease in strength which drops to zero at 
energy ratio 0.667. Maximum adhesion occur when surface energies of matrix and 
fibre are equal under the condition of complete wetting and maximum "Wa " .
Another approach to predicting bond strengths has been to assume that the joint 
strength is proportional to the critical surface tension for wetting (yc). Levine (1?) and 
Mittal (68) have shown a rectilinear relationship between joint strength and yc. 
However, numerous other studies show that this is not the case, with a maximum in 
strength
r
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commonly observed with increasing Yc (18, l9>)- Numerous other attempts to predict joint 
strength from thermodynamic principles have been attempted and some of the more 
recent theories are described in the following sections.
1.3.3.2 Relationship between Interfacial Free Energy and Strength of the Joint
One of the most successful approach had been to assume the maximum bond 
strength occurs when the interfacial free energy is a minimum. Gutowski (20) has 
justified this assumption by claiming that the maximum joint strength corresponds to the 
point of maximum thermodynamic stability of the system, and that this occurs when YsL 
is a minimum (since the other parameters, Ys and Ylv are constant).
Gutowski (20) has shown that the often observed rectilinear relationship between 
COS0 and YLV is theoretically justified and may be explained by considering the 
variations in the interaction factor, O (which is related to the strength of the interfacial
forces of attraction). Thus, the experimentally determined curve (equation 6) is valid:
Cos0 = (1+ m) - m ^ Y . for yLV ^ y ...(6a)
yc c
COS0 = 1 for yLV <syc ...(6b)
where m is given in Figure 1.4
Following the approach of Gutowski (2°), substituting this expression into Young's 
equation, gives an expression for Ysl-
y2
YSL = Ys-YLv(1 + m)+ m —Yc
f°T YLVa Yc ...(7a)
Ysl = Ys - Ylv for Ylv s Yc —(7b)
Differentiating equation 7b with respect to YLV enables the calculation of the point at
which the minimum value of Ysl occurs, as given in equation (8):
occurring at:
V s l ( ™ ) = V l v -
Vc(l + m)
Ylv “ 2m
Y
4m ...(8a)
...(8b)
For a given adherend (where ys, Yc and m are fixed) the maximum bond strength will 
be achieved by selecting an adhesive that satisfies equation 8b.
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Figure 1.4: Graphical illustration of the wettability characteristics of an adherend
approximated in a linear fashion with explanation of the sense parameter'm' 
as an intercept of the axis parallel to cos0 (20l
Experimental evidence in support of this theory is also provided by Gutowski 
(20). The breaking stress of joints prepared from steel samples having different surface 
pretreatments (in order to alter ys) with four different adhesives were compared to the 
relative interfacial energy, Ysi/YLV- For each adhesive, the joint strength was a 
maximum when the relative interfacial energy tended to zero (corresponding to a 
minimum in Ysl)> as shown in Figure. 1.5. These results support the original 
assumption that the bond strength is maximised when the interfacial energy is minimised. 
Further support for the theory was provided by analysis of silane treated aluminium and 
plastic/plastic systems (2°).
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Figure 1.5: Relationship between relative interfacial free energy and bond
strength for steel/adhesive systems:(a) polyurethane,(b) alkyl/phenol,(c) 
alkyd and (d) PVA/PVC (2°).
When comparing the results for different adhesives, some difficulties arise, 
however. According to Gutowski's theory, the joint strength should increase as 
Ysl/Ylv decreases. Analysis of the data presented by Gutowski shows that this is not 
the case when different adhesives are used on a given pre-treated steel (i.e. Ys constant). 
Gutowski provided no such comparison and the reasons for these discrepancies were not 
discussed. A possible explanation may be provided by the different levels of viscoelastic 
energy loss occurring with the different adhesives. This is likely to be very sensitive to 
the adhesive formulation, but less sensitive to the metal pre treatment (since little plastic 
deformation of the metallic adherend would be expected). Hence, when the pre treatment
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was varied, the strength depended only on Ysi/YLV- When the adhesive was varied, 
however, the joint strength was a function of Ysi/YLV and the viscoelasticity of the 
adhesive. This explanation requires experimental validation.
1.3.3.3 Practical Application of Interfacial Energy Model
Given that these minor discrepancies can be resolved, the method proposed by 
Gutowski has important practical applications. The choice of adhesive and/or adherend 
pre treatment may be manipulated such that Ysi/YLV is minimised, by application of 
equation 8b.
For this analysis, the surfaces must be characterised to determine Ys> YLV? ttl and 
Yc* Contact angle analysis may be used to determine all these parameters. The adherend 
surface energy is determined by standard means, while the measurement COS0 formed 
by liquids of various Ylv enables the calculation of m  and Yc* Gutowski (21) has 
determined that only liquids that give O.6^COS0 ^ 1.0 and have a random distribution of 
polar (yp) and dispersive (yd) components should be used as these give reproducible 
values of Yc and HI. Gutowski (2°) has also shown that the value of Ylv used should be 
that obtained from the solidified adhesive, and not of the liquid adhesive.
1.3.3.4 Acid Base approach for predicting bond strengths
Acid - base interactions at an interface occur when one phase acts as an electron 
donor and the other as an electron acceptor. For an adhesive joint, it is possible that such 
interactions might occur between the adhesive and the adherend resulting in a 
considerable influence over the joint strength. The importance of acid base interactions 
have been demonstrated in a recent publication by Gutowski et al (22). In that study many 
polymeric adherends were bonded with a silicone sealant and then a relationship was 
observed between the lap shear strength and the work of adhesion calculated from acid 
base contributions. It was observed that for all adhesive joints whose mode of failure 
were adhesional, a higher work of adhesion correlated with higher joint strengths. Thus, 
the acid - base contributions from the adherend and the adhesive could be related to joint
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strengths. However, when the mode of failure was cohesive, the joint strength remained 
constant for higher work of adhesion values. The upper limit of joint strength was the 
stage at which cohesive failure occurred within the adhesive.
1.3.3.5 Limitations o f Current Theories
As alluded to in Section 3.3.2, there are still some discrepancies in the current 
theories. As mentioned, the mechanical properties of the adhesive and the adherend have 
not been included in the analysis of bond strength, although they are known to influence 
the bond strength <23). Further, there is no direct relationship between the absolute value 
of the bond strength and thermodynamic parameters. More refinement of the work of 
Gutowski and others is required to develop a more complete model.
Certain other concerns also remain. The inadequacy of the work of adhesion 
model to predict bond strengths has not been explained. The relationship between the 
two seems apparent from a theoretical perspective, but the discrepancies observed in the 
experimental data has not been adequately explained.
1.3.4 Effect of Surface Roughness
The thermodynamic approach described above were based on the assumption that 
the adherend surfaces were flat. In practice, this does not occur. Wenzel (96) modified the 
thermodynamic approach by considering that the additional surface area produced by 
roughening the adherend was regarded as effectively causing an increase in its surface 
energy. This could be described by (24):
COS0R = W rCOS0o • ■ .(9)
W r is the roughness area ratio(true area/nominal area)
0 r is the contact angle on rough adherend 
0 o is the contact angle on smooth adherend
a m is the maximum slope of surface feature at the liquid periphery (Figure 1.6).
1 5
Figure 1.6. Schematic illustration of the effect of the steepness of surface features on the 
observed contact angle,(a) wetting(b) non wettingd6).
The critical surface tension for wetting of the rough surface ((yc)r)is given by: 
(Tc)r = Yc + (Wr - l)/W R.b . . .(10)
It is seen from the Figure.3.5 .that (yc)r increases to a limiting value of yc= l/b , where 
‘b ’ is the slope of the plot Cos9 vs Ylv By suitable roughening of the surface, Ylv 
may be less than(yc)r and wetting and spreading will result (31).
In addition to the thermodynamic implications, surface roughness can affect the extent of 
mechanical interlocking, and may induce defects at the interface. With regard to the latter,
16
incomplete wetting of the surface caused by a rough surface would leave voids at the 
interface that may act as stress concentrators. These would result in lower than expected 
joint strengths. On the other hand, filling of surface pores would produce an enhanced 
mechanical interlocking effect, and produce a higher bond strength.
The effect of surface roughness on joint strength is not straight-forward and depends 
upon a number of other factors. Thus, the surface roughness effect needs to be examined 
on an individual basis.
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1.3.5 Environmental Effects
High initial bond strength is a pre-condition for the deployment of adhesive 
bonding in engineering applications. But, as equally important, is the maintenance of 
high joint strengths over time. Adhesive bonds have been known to be affected by 
environmental influences, such as heat, solar radiation, chemical attack, long term 
mechanical stress and moisture (25> 26> 27> 28). Poor bond durability has restricted the use 
of adhesives in critical applications. However, research into the mechanisms of 
environment-induced failure in aluminium bonded structures has lead to the development 
of specific bonding procedures that ensures the long-term stability of the bond. These 
processes are now routinely used in the aerospace industry, and this example 
demonstrates that durability problems can be overcome by appropriate research.
Many studies (3- 29- 30- 31) provide an indication that environments affect the bond 
strength of steel adhesive joints over time, and in some hostile environments this 
degradation may be quite rapid. One of the most common mechanism of bond strength 
deterioration is water ingress into the adhesive, or interfacial region. Since virtually all 
joints will be subjected to moisture of some form, the study of the environmental effect 
on adhesion is of prime importance.
Gledhill and Kinloch (32) had shown that environmental effects may also be 
successfully studied using a thermodynamic approach. In the presence of a liquid, 
equation 1 may be modified to give:
W a I =  ("/SL + YAL) - YSA •••(1 1 )
w here: W a I  =  th e w o rk  o f  a d h esio n  in  the p resen ce  o f  th e liq u id
YSL =  th e so lid /liq u id  su rface en ergy  
YA =  the a d h esiv e /liq u id  su rface en erg y  
YSA =  the  so lid /a d h e s iv e  su rface en ergy
Kinloch (32) has demonstrated that whilst the Wa is always positive, the Wai can be 
negative in certain circumstances. The implication of a negative Wai value is that the 
interface is thermodynamically unstable, and debonding may spontaneously occur. In an 
experimental study of various metallic joints, Kinloch found that whenever Wai was
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negative, evidence of environment-induced debonding was observed due to the 
thermodynamic driving force. The durability of bonded steel joints is discussed in 
section 1.6.2.
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1.4. Mechanical Testing of adhesive joints
A wide variety of tests have been used to measure the strength of adhesively 
bonded joints. These tests can be divided into two main categories. Firstly there are the 
tests that give an average strength which bears little relation to the true failure stress of the 
joint. These tests can be used for comparative purposes and as a production quality 
control. The other category of tests are those which attempt to establish a geometry 
independent measure of adhesive strength. Many of these tests are based on fracture 
mechanics principles. Although these tests give a more fundamental measure of the 
adhesive strength they are more difficult to perform and may bear little resemblance to 
industrial joint configurations.
1.4.1 Lap Shear Test
These tests are extremely popular in industry and research laboratories (ASTM 
D1002-72, D4896-89). This is partly because of the ease of sample preparation and 
testing, however, the test is also useful as this type of joint is often used in industry. In 
these tests two strips are overlapped and tested in tension (Figure. 1.8). The result is 
usually presented as the shear strength which is calculated by dividing the applied load at 
failure by the overlap area. However, Volkersen (33) has shown that the shear stresses in 
the adhesive are not uniform due to differential straining of the adherend, which results in 
maximum stresses at the ends of the overlap, as shown in Figure 1.9. He also 
demonstrated that the shear stresses were dependent on the elastic moduli and thicknesses 
of adhesive and adherend. Further analysis by Goland and Reisner <34) showed that the 
non-collinearity of the forces in the lap shear test resulted in a bending moment which 
introduced peel stresses at the ends of the overlap. Further refinements of Goland and 
Reissner's analysis have been made l35- 36) but closed form equations are unable to take 
edge effects into account.
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Figure 1.9: Stress distribution in the lap shear test piece.
Adams and Peppiat (3?) have used finite element analysis to show the importance 
of edge effects and that a spew fillet considerably changes the stress distribution at the 
end of the overlap compared with a square ended overlap. Finite element analysis has
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also been used to obtain a three dimensional form of Volkersen's analysis (33) showing 
that the maximum stresses occur at the comers of the adherends and experimental results 
have shown that increases in the lap-shear strength can be gained by rounding these 
corners. All the above analyses assume linear elastic behaviour of the adherend. 
However, recent work has used large displacement, elastic-plastic finite element analysis 
to model non-linear and inelastic behaviour (38X
The literature on adhesive science also report that various geometry factors affect the 
measured strength of adhesive joints. The effect of bondline thickness on the bond 
strength has been studied (39> 40- 41 • 42- 43 - 44 ). The joint strength has been found to 
decrease with increasing bondline thickness. For studies on fracture energy, all the 
studies confirmed that a maximum fracture energy occurred with increasing bondline 
thickness (40- 41 - 43). The bondline was found to be influenced by the adhesive type, 
adherend and test condition.
Since the bondline thickness influence the joint strength and fracture energy, a common 
practice is used for controlling the bondline thickness by many researchers. That is 
carried out by adding a small amount of glass bead of known diameter to the adhesive 
before bonding. Some studies (43> have shown that glass beads does not affect the joint 
strength. This assumption needs to be assessed.
The effect of the overlap length in lap shear testing on the joint strength <45) has been 
studied .The shear strength tended to decrease with increasing overlap due to the increase 
in stress concentration in the joint. These occur because the stresses in the adherend 
decreased from the maximum at the start of the overlap to zero at the middle of the 
overlap. Since the strain was proportional to the stress in linear elastic materials, the 
strain in the adherend will not be similar throughout the overlap. The shear strain, and 
therefore the shear stress will be maximum at the end of the overlap. At large overlaps it 
has been shown that the material in the centre of the joint bears no load since it can be 
drilled out without any decrease in the lap shear strength (46>.
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It has been suggested that in many systems the peel stresses rather than the shear 
stresses initiate failure and the double lap-shear joint (ASTM D3528-76) has been 
suggested as a way of reducing these stresses. However, peel stresses can still be large 
because of internal bending of the joint, simply modifying the situation from that in the 
single lap. Other variations (47- 48) to reduce the non uniformity of stresses include the 
scarf and stepped scarf jo in t.
Thicker adherends than those suggested in ASTM D 1002-72 can reduce peel 
stresses. The thick adherend test described in ASTM D3983-81 can be used to measure 
the shear modulus of the adhesive. However, it should be remembered that this test can 
not be used to measure the shear strength of the adhesive as the stress/strain curve is not 
accurate in the plastic region due to end effects.
Lap joints can be used to measure durability (ASTM D1183-70, D1151-90), stressed 
durability (ASTM D2919-90) creep (ASTM D2294-69, D 1780-72), impact resistance 
(ASTM D950-79) and fatigue strength (ASTM D3166-73) of adhesive joints.
1.4.2 Fracture Mechanics based Tests.
Fracture mechanics tests are based on the propagation of cracks. As adhesive 
failure is usually by crack propagation it is not unreasonable to apply fracture mechanics 
solutions to adhesively bonded joints. However, it must be remembered that a sharp 
crack needs to be introduced prior to testing if falsely high fracture energies are to be 
avoided. There are two approaches used in fracture mechanics. The energy balance 
approach is probably the most widely used as a detailed knowledge of the stress 
distribution is not needed, like in lap shear tests where the stresses in the joints were not 
uniform and the stress at failure was actually the average stress. Therefore it was difficult 
to calculate the actual stress that caused failure in a adhesive joint (34- 49- 50' 51- 52\  The 
prediction of joint strength is therefore difficult because of the complexity of stress 
distribution in the joint and the resulting difficulty in developing a failure criterion. 
Because of all these reasons, lap shear test could only be used for comparing the joint
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strengths. It is important, however to note the loading mode Mode I (tension) is the 
most common loading situation causing failure with adhesively bonded joints as it is 
generally thought that most cracks in industrially bonded joints are initiated by tensile 
stresses. Therefore, all the samples that have been tested in this work were subjected 
to Mode I loading. However, mode II (shear) and mixed mode (I,II) have also been 
described (53- 54)-
1.4.2.1 Energy Balance Approach
This approach is based on the Griffith (55) energy balance and assumes fracture will 
occur when the energy stored in an elastically deformed adherend exceeds that 
required to disrupt the bonds within stressed bulk material or at the interface of 
adhesive bond. This consequentlt/results in the creation of new (fracture) surfaces 
through a crack propagation. The latter continues till the energy balance is restored and 
the crack propagation is arrested. Sufficient energy is released by crack growth to 
supply the energy needs of the newly formed surfaces (2y). In adhesive bond fracture 
additional energy dissipation mechanisms (e.g. plastic deformation at the crack tip) 
must also be taken into account. Therefore, a new parameter which describes the 
energy required to extend a crack over a unit area, Gc, is described. G is termed the 
fracture energy or the strain energy release rate. If the bulk of the material (ie. away 
from the crack tip) behaves linear elastically the fracture energy can be calculated from 
equation (12).
P ^ d C  
2 h \  da (12)
Where P is the failure load, h is crack width, 'a 'is crack length and 'C 'is the 
compliance of the sample (displacement/load).For small crack extensions this equation 
is valid for fixed grips and constant load configurations (56). Recently the energy 
balance approach has been extended to non-linear and inelastic materials (57- 58). 
Adhesive joint tests adopting the energy balance approach can be divided into those 
with flexible and those with rigid adherends.The former usually involve the peeling of 
the flexible adherend from a rigid base. Gent and Kinloch <59) has examined a number 
of experimental variations on this theme and has shown the calculated fracture energy 
to be geometry independent. If yielding of the adherend occurs an additional energy
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dissipation mechanism is introduced and higher peel forces are required.This must be
taken into account in the analysis if misleadingly high fracture energies are to be avoided 
( 60 ) .
The most popular test employing rigid adherends is probably the tapered double 
cantilever (ASTM D3433-75). In this test the arms of the adherend are tapered to maintain 
a constant compliance as the crack extends. This means that the fracture energy of the 
bond can be calculated without measuring the crack length. Other tests which employ 
constant compliance are the width tapered cantilever (61) and the double torsion test (62- 
63\  Tests in which measurement of the crack length is required to calculate the fracture 
energy include the double cantilever (64> and the wedge test (65).
Experiments have shown that the fracture energy is dependent on many factors including 
the adhesive chemistry (66), the testing rate and temperature (66), the testing environment 
(67) and surface pre treatment (68) It should be noted that the tests described above utilise 
predominantly mode I loading, however, tests to analyse mode II, mode III and mixed 
mode loading loading have also been described.
In this work, the Width Tapered Cantilever Beam has been used to evaluate the fracture 
energy of bonded sheet steel joints.
1.4.2.1.1 Width tapered cantilever beam (WTCB)
The WTCB was found suitable for measuring the fracture energy of adhesively bonded 
thin
sheets (69< 70 71). In the case of bonded joints exhibiting linear elastic behaviour away 
from the crack tip the crack extension force was defined as:
P2 dC 
2 dA
(13)
where P was the critical applied load for crack extension, 'C' was the compliance and 'A' 
the crack area. In this test the sample width (b) was altered as a function of of crack 
length (a) in order to maintain a constant change in compliance with crack area ( dC/dA).
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Figure 1.10: Width Tapered Cantilever Beam.
That resulted in a constant critical applied load to propagate the crack and means that the 
fracture energy can be calculated without measuring the crack length. If a/b was constant, 
then (14) could be solved as:
G =
12P y  a \ 2 
Eh3 l b /
...(14)
where 'E' was the modulus, 'h' the adherend thickness and a/b was a constant dependent 
on width taper.
The diagram of the test sample is shown in Figure( 1.10)
1 .4 .2 .1 .2  W edge T est
The wedge test is a double cantilever beam in which a crack is propagated along 
the joint by the insertion of a wedge. It is an extremely useful test as the load applied is 
not required to calculate the fracture energy. This means that tests can be performed
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manually by using a simple screw operated jig which can be operated under a microscope 
to observe crack growth. It addition to this wedge samples may be placed within an 
environmental chamber for durability testing and study the effects of hostile environments 
on crack growth. The calculation of fracture energy is dependent on crack length 
measurement and therefore accurate location of the crack tip is important. The adhesive 
degrades on exposure to hostile environments and therefore the location of the crack is 
not easy due to the formation of corrosion products. This test has been used to measure 
the fracture energy of adhesively bonded joints with steel, aluminium and bimaterial 
adherends (65< 72- 73).
The fracture energy of the adhesive joint is calculated from the wedge test by using the 
relationship:
G =
3h3Ev2 
16a4
...(15)
where 'E' is the modulus of the adherend, V  is the wedge height and 'h' the 
of the adherend. The accurate measurement of the crack length is essential as 
equation (15).
The sample configuration is shown in Figure. 1.11
thickness 
shown in
Figure 1.11: Wedge test geometry.
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1.4.3 Stress Intensity Factor
An alternative method of describing the propagation of a crack is by using the 
stress intensity factor approach developed by Irwin (74). The stress field around a crack 
can be described by a stress intensity factor, K, which is independent of material. Failure 
occurs when K exceeds a value Kc- This is termed the fracture toughness and is a 
material property. The fracture toughness of a material is calculated from equation (16)
Kic = QocJWa ... ( 16)
oq is applied stress at cracking, 'a 'is crack length and 'Q' is a geometry factor which 
must be calculated. The solutions to many common loading geometries can be found in 
the literature (75X
Spinks et al (23) have shown that for adhesive joints the stress intensity factor equation 
must take into account the properties of the adherend and the adhesive. Thus, equation 
(16) is valid:
where K u  is the stress intensity factor of the joint and K ic  is the stress intensity factor 
for a homogeneous material, and 'E' and V are the Young's modulus and Poisson's 
ratio, where the subscripts a and s refer to the adhesive and adherend, respectively.
It has been demonstrated that valid stress intensity factor values can be obtained for 
adhesive joints (23> and that useful information concerning the design of joints, 
environmental resistance and the mechanisms of joint failure can be obtained from such 
tests (76> 77).
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1.4.4 Mode of failure
It will be observed from the results of future experiments that the mode of failure of a 
adhesive joints influence the fracture energy therefore it would be necessary to explain 
what is meant by mode of failure. The terms cohesive and adhesional will be used to 
describe the mode of failure. Failure surfaces were termed cohesive when adhesive 
covered both the fracture surfaces. A failure was adhesional when adhesive covered only 
one of the fracture surface Figure 1.12.
COHESIVE ADHESIONAL MIXED
Figure 1.12: Modes of failure.
On surfaces where both adhesive and bare metal was observed the failure was termed 
m ixed. In some work (51- 78- 79> 80- 81) it has been indicated that adhesional failure could 
be in a modified region of adhesive or adherend close to the interface ( or the interphase). 
That could be identified by the detection of small traces or films of the interphase material 
on both fracture surfaces of an apparent adhesional failure. In the present work, visual 
examination only was used to assess the mode of failure. In the present work, visual 
examination only was used to assess the mode of failure.
1.5. Characterisation of adhesive joints
To improve an adhesive joint it is important to gain a better understanding of the 
nature of the bonding and the mode of failure. This may be achieved by analysing the 
chemistry and morphology of the adherend surface, examining the bond in-situ and under 
stress, modelling the adhesive performance under simulated service conditions and 
studying fracture surfaces to determine the mechanism of failure and the nature of the 
chemical bonds. Many methods have been applied to these problems and in this chapter 
the most useful techniques will be reviewed.
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1.5.1 Optical and Electron Microscopy
Optical microscopy is a useful first technique to examine fracture surfaces or the 
extension of a crack in a loaded joint. The technique is limited by the resolution of optical 
microscopy, the small depth of field and the fact that information can sometimes be 
misleading. For example, apparent interfacial failures have proven to have a thin layer of 
adhesive remaining on the adherend surface when analysed with other techniques (82) 
(e.g. XPS) .
The resolution and depth of field can be much improved by using scanning 
electron microscopy (SEM). This technique is particularly useful for studying the 
morphology of adherend surfaces prior to bonding and fracture surfaces after mechanical 
testing. However, it may be necessary to coat the adhesive with a conducting film to 
prevent charging by the electron beam, and electron beam damage of the adhesive may 
still occur. SEM's are often fitted with energy dispersive X-ray spectrometers (EDS) (83) 
which allow compositional information to be collected. Limitations to this technique are 
that elements below Na (or below C or B if a windowless detector is used) cannot be 
detected and depth resolution is less than a micron at normal beam energies. The depth 
resolution can be increased by using EDS with transmission electron microscopy (TEM), 
in which case sample thickness is the controlling factor. The TEM also has better lateral 
resolution than the SEM and is more useful for studying fine features, the drawback to 
the technique being the difficulty of sample preparation. A related technique is low energy 
electron induced spectroscopy (LEEIXS) with wavelength dispersive spectrometry 
(WDS) (83X In this technique the surface is bombarded with low energy electrons (0.5- 
5keV ) to restrict radiation to a depth of 5-150nm. However, lateral resolution is reduced 
to approximately 1 cm^.
1.5.2 Surface Analysis Techniques
To assess the chemical composition of an adherend surface or determine the exact 
loci of an adhesive failure it is sometimes necessary to analyse the first few monolayers 
of the surface. Ideally a technique would give us quantitative compositional information
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of a monolayer with high lateral resolution and allow depth profiling. Although such a 
technique is not available at present, a combination of the techniques discussed below 
give most of this information.
Probably the most popular technique used in analysing adhesive surfaces is x-ray 
photoelectron spectroscopy (XPS). In this technique the surface is bombarded with low 
energy x-rays (1.2-1.5 keV) and the low energy electrons (20-1200eV) emitted from the 
first 1-10 atomic layers (20-40A) of the surface are detected. This necessitates the use of 
high vacuum. The energy of these electrons allow reasonable quantitative compositional 
analysis (~20%) of the surface. Variations in binding energy can be further equated with 
the valence bond of the atom enabling determination of the chemical bonding (82> 84- 85>. 
The lateral resolution is 0.1-30mm2. A related technique is Auger electron spectroscopy 
(AES), only in this case the surface is bombarded with a low energy electron beam (1- 
lOkeV) in order to stimulate emission of the low energy (or Auger) electrons from the 
sample surface. Compositional information is obtained from the first few atomic layers 
but quantification and chemical state analysis is not as good as with XPS. Lateral 
resolution is better (10"8-10- lmm2) but by focusing the electron beam there is a higher 
likelihood of damaging polymeric materials. Depth profiling with both these techniques 
can be achieved by ion eroding the surface in the vacuum chamber. An alternative 
method is to ball crater the surface or to make a taper section.
In secondary ion mass spectrometry (SIMS) the surface is bombarded with inert ions. 
Atoms and ions are ejected from the sample surface which are then analysed in a mass 
spectrometer which enables composition profiles and information about the chemical state 
to be gained. The surface sensitivity is determined by the ion erosion rate, current 
densities of approx. 10“10Acm“2 allow investigation of a few monolayers. A related 
technique is glow discharge optical spectrometry. (GDOS). In this technique the surface 
is sputtered in a Grimm lamp. The sputtered material is excited by the plasma and the 
excited atoms emit characteristic electromagnetic spectra. A range of spectrophotometers
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allow the detection of all elements and models to enable quantitative depth profiles have 
been suggested (86). Surface resolution is dependent on the sputtering rate which in turn 
is dependent on the sputtering conditions and the sample material. Extremely fast depth 
profiles are the main advantage of this technique.
A useful method of identifying the chemical structure and composition of 
polymeric materials is by fourier transform infra-red spectrometry (FTIR) (92). In this 
technique the sample is irradiated with infra-red light and the vibrational spectrum is 
obtained from the fourier transform of the infra-red spectrum transmitted, reflected or 
emitted by the sample. The identification of chemical bonds is better than XPS and high 
vacuum is not needed, however the method is not very surface sensitive as the depth of 
penetration of a reflected beam is in the order of 1-3mm. The FTIR method can be used 
to determine the degree of cure of the adhesive and the extent of chemical degradation of 
the adhesive during environmental exposure.
The atomic force microscope (87> has been used to characterise the morphology of 
surfaces quantitatively with an atomic scale resolution. A sharp tip on a soft cantilever is 
scanned across a surface. The deflection of the cantilever is monitored or used in a 
feedback circuit to control a piezo - electric scanner underneath the sample to keep the 
cantilever still. It is the extremely low forces applied to the tip (10_7-10_11N) which 
enables atomic scale resolution. With the tip in contact with sample surface short ranch 
atomic forces dominate and this mode is used to map the surface morphology. By loading 
and removing the stylus a force profile can be obtained which is controlled by the forces 
between the materials. Burnham et al (87) have calculated the attractive and adhesion 
forces from these profiles, which can then be used as a signature to identify a material. 
By coating the stylus the forces between any two materials can be analysed. The high 
resolution allows the analysis of small surface contaminants or the variation of surface 
energy across a surface (88).
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1.5.3 Non-Destructive Tesing (NDT)
To control the quality of industrial joints or test the integrity of a joint after a 
period in service it is desirable to test the joint without damaging it. Typical bond defects 
which need to be detected include porosity, cracking, poor cure, voids, surface unbonds 
and zero-volume unbonds.
One of the earliest methods of NDT was the coin-tap test. In this test advantage is made 
of the changes to the sound emitted by tapping a sample when unbonding is present. 
Although attempts have been made to quantify the method by the introduction of 
electromagnetic tappers and transducer measurement of the response the technique is still 
basically a subjective one.
In ultrasonic testing a piezoelectric crystal is pulsed to radiate high frequency (20kHz- 
100MHz) sound waves through the joint. Defects tend to reflect or scatter the ultrasonic 
waves which can be detected in changes in the reflected or transmitted wave train. The 
resolution of defect detection is dictated by the wavelength of the sound wave in the 
sample, which it typically 100-200mm. This is often larger than the size of defects and 
the resolution needs to be increased by increasing the frequency, decreasing the pulse 
length or using focusing probes. In the scanning acoustic microscope (SAM) the 
ultrasonic beam is a focused spot whose size is limited by diffraction to about one 
wavelength and a scanned image is then formed. A resolution of approximately lOOnm 
has been attained with a frequency of 50MHz (89)
The fact that defects are resistant to heat flow can also be used in NDT. If one side of the 
joint is heated thermal imaging of the other side will reveal cool spots where debonding 
has occurred (90). Radiography has also been used to examine adhesive bonds. X-ray 
radiography is restricted because of the low density of polymers relative to metals. 
Although voids can be seen if metallic fillers are added to the adhesive to improve 
contrast. Neutron radiography is more useful as the polymers readily absorb neutrons.
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This technique has been used to monitor density changes at the interface and the effects of 
temperature (91). The limitation of this technique is the limited availability of neutron 
sources.
1.5.4 Other Techniques
The thermal behaviour of the adhesive can be investigated by differential scanning 
calorimetry (DSC) and differential mechanical analysis (DMA). The former is useful as a 
measure of the degree of cure of an adhesive with respect to temperature and to measure 
the glass transition point of the adhesive (63X With DMA the change in modulus as an 
adhesive cures can be monitored. The heating rate can be varied to discover optimum 
curing conditions. In addition the effect of service temperature and environmental 
exposure on the mechanical performance of the adhesive can be investigated (94>. This is 
useful for defining an upper service temperature of the joint.
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1.6. Adhesive bonding of uncoated steel
The use of adhesives for the bonding of uncoated steels is described in this 
section. Of interest are the factors that influence the initial bond strength and the long 
term durability. The studies reported in the literature have been concerned primarily with 
mild steels, and have considered the effects of surface pretreatments, surface cleanliness, 
various moist environments and the mechanisms of environmental attack.
1.6.1 Initial Bond Strength
1.6.1.1 Effect o f Surface Contaminants
Of particular interest to the bonding of steels in the automotive industry is the 
effect of surface contaminants, such as mill oil, on initial bond strength. The ability of an 
adhesive to bond to oily surfaces is considered important in high production steel 
fabrication industries, as there is little time for surface cleaning. Conflicting results on the 
effect of oily surfaces have been observed. Arnold (3°) actually reported an increase in 
the bond strength of steel adherends contaminated with mill oil when compared with 
vapour degreased steel. Generally, oil contaminants have been observed to decrease the 
bond strength (95- 96> 97\  or have negligible effect (96- 97).
Adhesives that absorb contaminants from the adherend surface would be expected 
to produce bond strengths similar to that achieved on cleaned surfaces. Debski etal (98) 
have shown that it is thermodynamically possible for an epoxy adhesive to displace 
typical oils from the adherend surface. Concerns remain, however, concerning the effect 
of the the absorbed oil on the adhesive strength and joint durability. These aspects have 
been extensively studied in recent years.
Gosselin (95) suggested that the decrease in bond strength on oiled surfaces may 
be due to the plasticization of the adhesive by the oil. However, most studies have 
concentrated on the ability of the adhesive to absorb the oil from the adherend surface.
The nature of the adhesive has been observed to greatly influence its ability to 
bond oily steel. Bowen (96) has shown that polyamide hardeners for epoxy adhesives 
were little affected by oily surfaces, whereas polyamine hardeners showed lower joint
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strengths on oiled surfaces. The former were more compatible with the oils and, 
therefore, could absorb the oil more readily. Hong (9?) has shown similar results and has 
used XPS analysis to prove that the oil can be absorbed by the adhesive if the correct 
hardener is used. FTIR analysis also demonstrated that the epoxy crosslinking reaction 
was unaffected by the absorbed oil. Hong also demonstrated that small additions of 
silane coupling agents to the adhesive increase the removal of oil and increased the joint 
strength. Bowen (2°) has demonstrated a similar effect with glycol additions to epoxy 
adhesives.
Rosty et al (98> have shown that a higher curing temperature increases the bond 
strength, because of the increased assimilation of the oil. These workers also 
demonstrated that different oils had different effects. In general, the higher the viscosity 
of the oil, the lower the joint strength.
1.6.1.2 Effect o f Surface Pre treatments
The effect of various surface preparations on initial bond strength of uncoated 
steel have also been compared (30- 95- 96> 97). Of particular interest were the phosphoric 
acid treatments that produce a phosphated surface. It has been observed that this 
treatment produces a surface structure that is similar to that produced on aluminium 
following the Forest Products Laboratory chromate etch (10°). This process is known to 
improve the bond strength of aluminium joints (*), and similar improvements were 
expected for the steel joints. Gosselin (95) observed that the phosphate pre treatment 
indeed produced higher bond strengths than both untreated and alkaline cleaned 
adherends. In contrast, however, Rosty etal (98) found that the joint strength was 
relatively insensitive to phosphoric acid treatments, although these were also observed to 
cause surface roughening of the adherend. This discrepancy in results suggests that the 
phosphating pre treatment has other effects than simply surface roughening (e.g.by 
producing a more chemically compatible surface for bonding).
Silane coupling agents have been applied to both clean and oiled steel adherends 
in an attempt to increase the bond strength. Fay observed a small increase for cleaned
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steel adherends. Hong (9?) found that silane additions to the adhesive increased the initial 
bond strength of oiled steel.
1.6.1.3 Effect o f Adhesive Type
When considering the effect of adhesive type on the initial bond strength of 
bonded steel, very little information was available. In one direct comparison, a two part 
epoxy adhesive and a similar one-part epoxy film adhesive were studied. Initial strength 
was found to be better with the one-part epoxy <95). Bowen (96) has investigated both 
epoxy and polyurethane adhesives. Joint strengths of epoxy-bonded joints increased 
with increasing toughness of the adhesive (e.g. by using polyamide hardeners in 
preference to polyamine hardeners). The joint strength for polyurethane systems was 
observed to increase with decreasing molecular weight of the polyol component. This 
was associated with a decrease in viscosity of the adhesive, which was thought to aid 
wetting of the adherend. The strongest polyurethanes were similar in joint strength to that 
obtained with the epoxy adhesives.
1.6.2 Durability
1.6.2.1 Mechanism o f Environmental Degradation
The durability of adhesively bonded steel joints has been observed to be 
adversely affected by exposure to moist environments. A comparison of different 
aqueous environments (101) has shown that the strength of bonded joints decreased in the 
order of distilled water, NaCl+NaOH solution (5%) and NaCl solution (5%).
Various mechanisms have been proposed to explain the environmental attack. The 
deterioration in joint strength may be caused by environment-induced degradation of the 
adhesive, the adherend or the interface. These processes will be determined by the nature 
of each of these phases and the type of environment to which the joint is exposed.
Gledhill (32) has found that no permanent change in the cohesive strength of 
epoxy adhesives occurs for water immersion at temperatures less than 90°C (above this 
temperature, the adhesive did suffer some loss of strength). In this case the observed
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decrease in joint strength was attributed to a thermodynamic instability of the interface 
that causes a displacement of the adhesive by water molecules.
Corrosion of the adherend is an alternative degradation mechanism. Arnold (3°) 
has reported corrosion of uncoated steel adherends upon exposure to cyclic salt spray 
tests. It is not clear from this report, however, whether the corrosion was the cause of 
failure, or a post-failure phenomenon. To investigate the corrosion mechanism further, 
Foister (4) determined the activation energies for moisture diffusion in the adhesive and 
that for the adhesion loss. These were found to be identical and significantly different 
from the activation energy for corrosion of the steel. Thus, corrosion was eliminated as a 
cause for degradation in this instance.
Shaw <101) also investigated the moisture-induced degradation of steel joints and 
found that the process was largely reversible upon drying. Thus, two distinct 
mechanisms were proposed. It was suggested that a reversible process associated with 
water-induced plasticization of the adhesive was partly responsible for the decrease in 
bond strength. In addition, an irreversible degradation mechanism was thought to be 
operating, and that this process was aggravated in salt solutions (i.e. of NaCl and 
NaOH).
1.6.2.2 Effect o f Surface Contaminants
The effect of oily surfaces on bond durability of uncoated steels (95> 97> 98- " )  has 
been examined. In one study (") it was observed that oiled surfaces displayed 
significantly worse joint durability than cleaned surfaces. However, Gosselin found that 
the oiled surfaces performed in a similar fashion to untreated and alkaline cleaned 
surfaces. Rosty etal f98) also reported no differences in durability. Hong observed that 
adhesives that can absorb the oil are little affected in terms of joint strength and 
durability. For example, additions of silane to the adhesive greatly increased the 
durability.
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1.6.2.3 Effect o f Surface Pretreatments
The effect of various surface pretreatments on the durability of bonded steel have 
also been examined. In general, phosphating pretreatments (95> 10°) and silane coupling 
agents (" ) were observed to increase the durability. Gosselin (95) reported that 
phosphating increased the environmental stability of bonded uncoated steel, while 
untreated and alkaline cleaned showed similar results on exposure. In other studies, 
vapour and solvent degreasing (32,ioo)5 grjt t)iasting (32> 10°), alkali cleaning (") were 
considered. All were inferior to the phosphating and silane treatments. Walker (135) 
treated steel adherends both by degreasing and sandblasting. Silanes were added on the 
surfaces of specimens and joints exposed to awet atmosphere. The wet strength was 
improved by silanes and recovered strength to a high value after wet exposure.
Trawinski (10°) has closely examined the phosphating process. Uncoated steel 
samples were coated with conventional zinc and iron phosphate, and also by grain 
refined zinc phosphate, calcium modified zinc phosphate and micro crystalline zinc 
phosphate coatings. Bond durability of those joints revealed that the micro crystalline 
zinc phosphate coatings showed best bond performance, followed by grain refined and 
calcium modified zinc phosphated coatings. Conventional zinc and iron phosphate 
coatings faired poorly because the joints made with them failed within the phosphate 
coating, since the large zinc phosphate crystals were loosely bound. In contrast, the 
micro crystalline zinc phosphate coated samples showed the best bond durability due to 
the micro rough surface that provided three dimensional interlocking with the adhesive.
In a further study, the effect on joint durability of an electropriming pre treatment 
was also investigated by Foister and Gray (102). The electropriming process (ELPO) 
involved a phosphate pre treatment, followed by coating with an organic primer. The 
process used was similar to that employed in the automotive industry for corrosion 
protection of external metallic parts prior to painting. The surface layers produced are 
shown schematically in Figure. 1.13.
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Figure 1.13: Schematic of electrodeposited primer/zinc phosphate/steel interphase (102).
Adhesive joints prepared from the electroprimed surfaces were exposed to 60°C 
water immersion for 7 days and salt spray (5% NaCl at 38°C) for 8 weeks. In one 
instance, the durability was observed to be poor, although this was related to degradation 
of the electroprimed layer by the amine Curing agent used with the epoxy adhesive. It 
was found through SEM investigation of the failed lap shear samples, that blistering of 
the primer had occurred (102). The bond durability was found to be improved when a 
different curing agent was used, and degradation of the primer prevented.
1 .6 .2  A  E ffec t o f  A dhesive  F orm ula tion
Very few studies have considered the effect of adhesive type on the durability of 
bonded steels, and only epoxy adhesives have been described in the literature. Curing 
temperature has been found to effect the durability of oiled steel surfaces. With higher 
cure temperatures, an increase in the degree of cure is achieved and a decrease in 
viscosity of the oil means that it is easier for the adhesive to absorb oil (98). These factors 
contributed to an improvement in durability. Hong also showed that non­
stoichiometric mixtures of epoxy and hardeners gave significantly reduced durability.
1.6.3 Summary
Several experimental studies have been published which have considered the 
effects of surface contaminants, surface pretreatments and the nature of the adhesive on 
the initial joint strength and joint durability.
It may be summarised that the presence of contaminants such as mill oils do not 
adversely affect the joint strength and durability if appropriate choice of adhesive and
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surface pre treatment is made. This choice, is empirical at present, and little information 
is available to theoretically justify the choice of a given adhesive or pre treatment.
Surface pretreatments have also been observed to significantly affect the initial 
bond strength and durability of cleaned uncoated steel joints. Phosphated surfaces and 
the use of silane coupling agents were observed to increase both the joint strength and 
durability in moist environments. The reasons for these improvements in performance 
remain largely unknown, although the mechanism of environmental attack has been 
determined to be due to water ingress into the interface creating a thermodynamic 
instability.
Finally some empirical information is available concerning the effect of adhesive 
formulation on the joint strength and durability of uncoated steel joints. Epoxy adhesives 
were found to be superior to polyurethanes in one study, although the reasons for this 
difference was not described. Similarly, variations in the epoxy formulation were 
observed to affect the joint properties, although in most cases the reasons for these 
changes were unknown.
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1.7 . Adhesive bonding of coated steel
The factors that effect the initial bond strength and durability of adhesively 
bonded coated steels are reviewed in this Section. Considerable work has been reported 
on the adhesive bonding of galvanised steel and some work is reported on galvanneal, 
but very few reports are available concerning other metallic coated steels (e.g. zinc- 
aluminium coatings) or prepainted steels. Thus, the following discussion is confined to 
galvanised and galvannealed steel only. The effects of galvanising process, surface 
pretreatments and contaminants, adhesive types and service environments are discussed.
1.7.1 Initial Bond Strength
1.7.1.1 Galvanising Process
The effect of the galvanised surface on initial joint strengths have been described 
by Foister & Schroeder (3) and Arnold (3°). Comparison of ultrasmooth, minimum 
spangled and electrogalvanised steel showed that the bond strength was highest on clean 
electrogalvanized steel while the minimum spangled and ultrasmooth steel gave similar 
strengths (3>. Foister (29) has shown that the surface roughness of these materials 
increases in the order of ultrasmooth, minimum spangled and electrogalvanised steels. 
Thus, the differences in joint strength may be due to the increased mechanical 
interlocking on the rougher surfaces.
Arnold (3°), however, observed the opposite result in comparing 
electrogalvanised with hot dip galvanised steel. This discrepancy, however, may be 
attributed to yielding of the electrogalvanised steel during lap shear testing. Thus, an 
accurate representation of the joint strength cannot be obtained in such circumstances.
1.7.1.2 Effect o f Surface Contaminants
To investigate the effect of surface contaminants on the joint strength of 
galvanised steel joints, both cleaned and oily adherends have been examined <3- 30- 95). 
Some workers observed no change in initial bond strength between cleaned and oily 
surfaces (34> 103X However, Arnold (3°) observed an increase in joint strength in the
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presence of drawing oil for hot dip galvanised steel as compared to vapour degreased 
steel.
These observations were contrary to the findings of Gosselin (95) who found that 
hot dipped galvanised adherends treated with mill oil showed lower bond strength than 
alkaline cleaned or untreated samples. The presence of lubricant at the adhesive/adherend 
interface was claimed to reduce the wettability of the adherend and cause plasticization of 
the adhesive during cure. These combined to lower the strength of the adhesive joint (95).
1 .7 .1 3  E ffec t o f  Surface  P re trea tm ents
Zion and co-workers (104) found that the mechanical properties of bonded 
galvanised steel joints can be improved by appropriate surface pretreatments.
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Figure 1.14: Variation of failure strength versus surface treatments for different 
adhesives in the case of galvanised steel (104).
Seven surface pretreatments were compared and are given in Figure 1.14 (with the codes 
defined below), and the initial bond strength was observed to decrease in the following 
order: surface roughening (C6&C7), solvent wipe, alkaline etch with 0.5M NaOH (C2), 
Parcodine which is a commercial product based on phosphoric acid (C5) 1M H2SO4 etch
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(C4), abrasion with light emery paper (C8), etch with 0.5Na0H (C2) and then degrease 
by trichloroethane (Cl) ( Figurel. 14).
1.7.1.4 Effect o f Adhesive Type
In all the investigations described concerning the joint strength of galvanised 
steel, only epoxy based adhesives have been used. However, comparisons have been 
made in some studies of the effect of the epoxy formulation on the joint strength (3- 29- 30>
103, 104, 105).
Foister & Schroeder (3) have compared both two part epoxies and one part epoxy 
adhesives for adhesive bonding of galvanised steel. For electrogalvanised steel, the two 
part epoxy novolac adhesives (cured with imidazole) were found to give lower joint 
strengths as compared to amine cured DGEBA epoxies. However, the one part DGEBA 
epoxies cured with DICY gave the highest joint strength for the electrogalvanised steel. 
On hot dip galvanized steel adherends the two part amine cured DGEBA epoxy had 
similar joint strength to the one part epoxy. Holubka (106> has suggested that interfacial 
reactions can occur between the DICY curing agent and a zinc surface. This may explain 
the superior performance of the one part epoxy on the electrogalvanised steel, but does 
not explain the results obtained for the hot dip galvanized steel.
In a recent work, the lap shear strengths of organic and metallic coated sheet steels has 
been compiled (107)- Figures 1.15 and 1.16 show the different strengths obtained by 
metallic and organic coated sheet steels bonded with different adhesives. In this study, 
the influence of adhesive formulation on the coating type is evident.
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Figure 1.16: Lap shear strengths of organic coated sheet steels bonded with different
adhesives (107)
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The effect of environmental exposure on the durability of galvanized steel joints 
has been studied extensively, and a description of the exposure environments that have 
been used is given in Table 1.1.
Gosselin (95) has ranked several environments in terms of aggressiveness. The ranking 
from most to least hostile is as follows:
Fisher body cycle Test 
60°C water immersion 
Salt fog
23 °C water immersion
Since, no direct comparison has been made, it is unclear at which point the thermal and 
humidity cycle used by Arnold (3°) would fall, although it was noted that the thermal 
cycle was much less aggressive than a salt spray environment.
1.7.2.1 Mechanism of Degradation
Attack of the zinc coating by the moist environments has been identified by 
several workers (4- 3°) as the cause of the loss of joint strength with time for bonded 
galvanized steel • Foister has compared the mechanisms of moisture diffusion into the 
adhesive and corrosion of the zinc coating, and compared the activation energies for 
these processes with that for the strength loss. A similarity in activation energies for 
strength loss and corrosion was observed for electrogalvanised steel, and these values 
were significantly different to the activation energy for moisture diffusion. Thus, it was 
concluded that the corrosion process was the dominant cause of degradation. These 
results have also been confirmed by analysis of the fracture surfaces using SEM and X- 
ray powder diffraction of surface deposits, which revealed the presence of zinc-based 
corrosion products.
1.7.2 Durability
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Foister and Schroeder (3> have studied the effect of water immersion on the durability 
of bonded hot dip galvanized steel (minimum spangled and ultrasmooth) and 
electrogalvanised steel.
1.7.2.2 Galvanising Process
Table 1: Environments to which bonded galvanized steel joints have been exposed for 
durability testing.
Environment Details Relerence
Water immersion
(1) Soaked for seven days in a constant 
temperature deionized water bath 
maintained at 60°C
(2) 23°C water bath for 60 days
(3) 60°C constant temperature water 
bath for 60 days
3,3^, 3tt, 3 i 
95,
Salt spray and humidity 
cycles
(1) Fisher body cycle 
lcycle=16hrs humidity cabinet 
(85%r.h,60°C) 6hrs standing in r.t. 
2hrs salt spray exposure
(2) lcycle= 22.5 hrs at 49°C, 85%r.h., 
0.25 hrs immersion in 5% NaCl sol'n 
at r.t.
1.25 hrs open air dry at r.t.
3 , 1$, 30, ^5
Thermal and humidity 
cycles
(1) lcycle=16 hrs humidity cabinet 
(85%r.h. at 60°C)
(2) 2 hrs freeze at -23°C
(3) 2hrs oven 71°C
(4) 2hrs standing in room
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Salt fog ASTM-B-l 17-85 $5
Immersion in water at 60°C for one week resulted in a decrease in strength for all joints. 
However, the hot dip galvanized steels recorded lower retained strengths as compared 
with the electrogalvanised steel. Comparison of the two hot dip galvanized steels showed 
that the ultrasmooth had enhanced durability in comparison to minimum spangled steel. 
The mechanism of failure in these studies was found to involve dissolution of the zinc 
layer at the edges, and subsequent attack on the adherend.
Arnold (3°) also examined the durability of hot dip and electrogalvanised steels 
during exposure to humidity and salt spray cycles. In this case the hot dip galvanized
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steel showed slightly better durability compared with the electrogalvanised steel after 20 
cycles over 20 days. The reason for the different behaviour to that described by Foister 
and Schroeder is unknown, as the mechanisms of attack were not described by Arnold.
Maeda(31) has examined the durability of different grades of minimum spangled 
galvanized steel joints after exposure to hot water at 55°C. It was found that adhesion 
loss was associated with interfacial corrosion facilitated by grain boundary segregation 
of A1 and Pb, which occurred during thermal cure of the adhesive. Durability was 
improved by reducing A1 and Pb segregation through the use of lead free galvanising 
baths, or by spraying pure zinc powder onto the steel surface during post-galvanisation.
1 .7 .2 .3  E ffec t o f  Surface Pre trea tm ent
The effect of surface pre treatment on the durability of bonded galvanized steels 
has been investigated by Gosselin (95\
Figure 1.17: Graph of shear strength vs. exposure time for lap shear samples constructed 
from,untreated, alkaline cleaned or lubricated galvanized steel (95>.
The effect of phosphate pretreatments (Figure 1.18) on the durability of galvanized steel 
samples was examined and found to be superior to alkaline cleaned and untreated 
samples when exposed to water (Figure 1.17). SEM examination of the surface revealed
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fracture occurring in the zinc oxide. It was proposed that phosphating introduced a 
protective barrier at the metal-adhesive interface and improved bond durability by 
hindering water permeation into the interface, otherwise corrosion of Zinc occurred (3°).
0 10 20 30 40  50 60
EXPOSURE TIME (DAYS)
Figure 1.18: Graph of shear strength vs. exposure time for samples constructed using
phosphated galvanized adherends (95). 
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Figure 1.19: Process of corrosion (3°) for lap shear joints with galvanized steel adherends
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Since the dissolution of the zinc coatings on galvanized steel has been identified 
as the principal degradation mechanism, it would be expected that the type of adhesive 
used to bond the steel would have little influence on the joint durability. Foister and 
Schroeder (3) have compared different epoxy adhesives used in environmental trials on 
bonded galvanized steel joints, and have concluded that one part epoxies generally give 
better durability than two-part epoxies. The reasons for this behaviour were not 
discussed, however.
1.7.3 Summary
The available literature on the adhesive bonding of coated steels is confined 
mainly to zinc coatings (i.e. galvanized). For the zinc coated steels, the effects of surface 
contaminants, surface pretreatments, nature of the galvanising process and the adhesive 
formulation on the joint strength and durability have been examined.
Different types of galvanized steels are commercially available, and differ in terms 
of coating thickness and composition and surface roughness. Electrogalvanised steels 
have been observed to give higher initial bond strengths than hot dip galvanized steels, 
due to a higher surface roughness. The effect of galvanising treatment on durability is 
unclear, with conflicting findings. However, dissolution of the zinc layer has been 
identified as the principal degradation mechanism, and improvements in durability have 
been achieved by increasing the resistance of the zinc coating to corrosion.
As with uncoated steel, the effect of mill oils on the joint performance of 
galvanized steel has been examined. Different effects were observed. However, it is 
expected that appropriate choice of adhesive would eliminate problems with oil 
contaminants. This, however, is yet to be proven for zinc-coated steels.
Phosphating pretreatments again were found to improve the durability of joints, 
although simple surface abrasion was effective in increasing the initial joint strength.
1.7.2.4 Effect of Adhesive Type
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The choice of adhesive was also observed to effect strength and durability of 
galvanized steel joints. However, the data available was empirical in nature and little 
information is available to explain why certain adhesives perform better than others.
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1.8. Conclusions and further work
The literature pertaining to the adhesive bonding of steel adherends has been 
reviewed with particular emphasis on the factors that affect the joint strength and 
environmental durability. Description of test methods and characterisation procedures 
along with a discussion of the thermodynamic theory of adhesion have also been given, 
and their use in steel bonding studies determined.
The literature reports on the bonding of steel have been biased toward the needs 
of the automotive industry, and there is a great deal of information concerning the effects 
of contaminants (such as mill oil) and the types of service environments encountered by 
adhesives in automobiles on the joint performance. There is also an emphasis on the 
bonding of galvanized steel, as this is extensively used in automobile construction.
These reports have provided a substantial amount of empirical knowledge 
concerning factors such as surface pre treatment procedures, adhesive formulations, 
galvanising processes and service environments, on the joint performance.
However, the most important conclusion to be drawn from this review of the 
literature is the extent to which the bonding of steel is not understood. For example, there 
are considerable gaps in the available literature concerning the adhesive bonding of 
coated steels other than galvanized. Apart from some work conducted at the University 
of Wollongong, Australia (107), there is very little information concerning prepainted 
steels or other metallic coatings, such as zinc-aluminium alloys. This lack of information 
is a serious impediment to the adhesive bonding of these popular construction materials, 
and should be addressed.
Another serious omission is the lack of application of adhesion science to the 
understanding of steel bonding. Whereas significant improvements in the knowledge of 
bonding of other adherends has been obtained by applying the thermodynamic 
approaches outlined in this report, there have been very few such studies for steel 
adherends. Thus, the selection of adhesives, and the design of pretreatments and new 
adhesive formulations for steel bonding is severely hampered.
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Although the thermodynamic approaches have been quite successful, there are 
still further refinements required, as discussed in Section 1.3.3.5 Thus, further work 
needs to be conducted on the influence of adhesive properties on the models for 
predicting bond performance. Also, the application of thermodynamic theories to 
predicting joint durability requires rigorous examination.
Finally, significant contributions have been made to the understanding of the 
environment-induced degradation of galvanized and uncoated steels. However, full 
details of these mechanisms are still to be determined. In addition, there is little known 
about the mechanisms of degradation of other coated steels.
The lack of specific detail on many aspects of steel bonding requires further 
experimentation. The approach to be adopted in this project is outlined as follows:
• Develop test methods appropriate for a full characterisation of the adhesion 
performance of bonded sheet steel
• Generate a database of adhesive joint strength of various coated steels (relevant to 
the Australian domestic market)
• Establish the validity of the thermodynamic approach for the study of adhesive 
bonding of steel (coated and uncoated)
• Determine the performance of various bonded coated steels in a hostile 
environment and study the mechanism of degradation.
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CHAPTER 2 - EXPERIMENTAL PROCEDURE
2.1 Materials
2.1.1 Description of adhesives
The adhesives used for this work were supplied by Ciba Geigy and Sika, and consisted 
of both epoxy and polyurethane adhesives. The description of the adhesives is given in 
Table 2.1.
Table 2.1. Characteristics of adhesive materials
ADHESIVE SUPPLIER DESCRIPTION
AV3131 CIBA GEIGY One part, heat cured epoxy
ARALDITEK138 CIBA GEIGY Two part, ambient cured epoxy
ARALDITEK106 CIBA GEIGY Two part, general purpose epoxy. 
Minimum cure 25°C for 18 hrs
ARALDITEK219 CIBA GEIGY Two part, general purpose epoxy 
Minimum cure25°C for 1 hrs 
maximum
ARALDITE K330 CIBA GEIGY Two part, non - sag multipurpose 
epoxy. Minimum cure 25°C for 
24 hrs
ARALDITE K340 CIBA GEIGY Two part, high performance 
epoxy paste with good chemical 
resistance. Minimum cure 25°C 
for 6 hrs.
ARALDITE 2012 CIBA GEIGY Two part, multipurpose rapid cure 
epoxy. Minimum cure 25°C for 2 
hrs.
ARALDITE 2014 CIBA GEIGY Two part, heat and chemical 
resistant epoxy. Minimum cure 
25°C for 5 hrs
ARALDITE 2015 CIBA GEIGY Two part, toughened epoxy. 
Minimum cure 25°C for 10 hrs
ARALDITE 2018 CIBA GEIGY Two part, ambient cured flexible 
polyurethane. Minimum cure 
25°C for 16 hrs
SIKAFLEX 360HC SIKA Two part, heat cured 
polyurethane. Cure at 80° C for 
30 mins
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The ambient cured adhesives were allowed to react for a minimum of 24 hours prior to 
testing. The single part epoxy (AV3131) was cured at 180°C for 30 minutes, and 
Sikaflex 360HC was cured at 80°C for 20 mins.
2.1.2 Types of sheet steels
BHP Steel Sheet and Coil Products Division supplied the adherends for this work. The 
description of the adherends is given in Table 2.2.
Table 2.2 Characteristics of sheet steel adherends
Sheet Steel Coating Type Surface Finish Min. Yield 
Stress
Zinc-Hi-Ten 
(ZHT)
Zinc coating of 
nominal composition: 
0.18 - 0.29%A1, 0.08 
- 0.9%Pd and balance 
Zn
Minimum Spangle 550MPa
Zincalume G550 
(ZAL)
ZInc/Aluminium alloy 
coating of nominal 
composition: 
43.4%Zn, 55%Al, 
1.6%Si
Spangle 550MPa
Zincalume G300 
(ZALG300)
Zinc/Aluminium alloy 
coating of nominal 
composition: 
43.4%Zn, 55%Al, 
1.6%Si
Spangle 300MPa
Zincseal (ZS) Electrolytic zinc 
coating
Matt 170MPa
Zincannea! (ZAn) Zinc/Iron alloy 
coating
Matt 130MPa
Colorbond Prepainted steels 
(Zincalume G550 
adherend, except AW 
which has ZS 
adherend)
Various colours 550MPa
The carbon steel (CS) was uncoated.
Colorbond prepainted steels were in a range of colours: Birch Grey(BG), Mist Green 
(MG), Appliance White (AW), Autumn Red (AR), Homestead (HS), Wheat (W), Beige 
(B), Merino (M), Off White (OW), Saltbush (SB).
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2.2 Methods
2.2 .1 Lap shear test
The lap shear test geometry has been used in this project to evaluate the average 
shear strength of adhesively bonded metallic and organic coated sheet steels. The width 
of all the test samples were maintained at 25.4 mm and the length at 100 mm. Before the 
test, required dimensions were marked on steel sheets with a sharp marker and the 
samples were cut along the marks with the help of a foot operated guillotine. For thicker 
samples, a power operated guillotine was used. After cutting the metallic coated steels 
holes were drilled at the end of each and any burrs around the holes were removed with a 
belt grinder. The purpose of drilling holes was to enable suspending the samples inside a 
vapour degreaser.
The vapour degreaser was a round bottom glass container with a glass cover, fitted with a 
reflux condenser. Before degreasing, 1,1,1, trichloroethylene was put inside the 
degreaser and it was placed over a resistance heater. The samples were suspended inside 
the degreaser slightly above the solution of trichloroethylene. The glass cover of the 
degreaser was then fixed on to the round bottom glass container with the help of clips and 
the resistance heater was switched on. The heat from the resistance heater evaporated the 
trichloroethylene and subsequently the vapours on coming in contact with the samples 
removed all the grease from the surface of the steel. Any vapour escaping from the 
degreaser condensed inside the reflux condenser and returned to the degreaser. The 
degreasing was continued for 10 to 15 mins till the degreasing solution was full of 
suspended grease and dirt. The resistance heater was switched off at that stage and the 
samples were cooled. After cooling, the samples were taken out of the degreaser and put 
on a clean piece of tissue paper to wipe away any small trace of trichloroethylene. 
Samples were allowed to dry in air for about ten minutes and a special jig was then used 
for bonding all the samples with adhesives before curing.
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The jig consisted of a plate with four rollers fixed on the plate and two plastic clamps 
for holding the end of the samples in position (Figure 2.1). The overlap distance was 
measured with a scale graduated in metric units on the plate. Before bonding, a small 
piece of non - stick oven paper was placed below one sample. One edge of the first 
sample was placed on the 'O' mark while the other end was clamped against the roller. 
The movement of the clamps against the plate was controlled by the knobs. The adhesive 
was smeared on the surface of the second sample and then the sample was made to come 
in contact with the first after the overlap length has been measured from the scale, like 
the first, the sample was clamped against the rollers. The oven paper was used for 
covering the overlap area and thereafter two clips were used to clamp the overlap area. 
The sample was then ready for curing.
For the organic coated steels covered with polyethylene wrappers, no surface cleaning 
treatments were made because vapour degreasing or solvent wiping using acetone and 
trichloroethylene would destroy the organic coating. Therefore, the polyethylene wrapper 
was simply removed and the lap shear samples were prepared as described above.
After all samples have been prepared, they were put on a tray which was then inserted 
inside a forced air draft oven for curing of the heat cured adhesives.
After curing, the samples were allowed to cool inside the oven. After cooling, the spews 
around the overlap area were removed with the help of grinding paper. For adhesives 
curing at ambient temperatures, the spews were removed after full curing time had 
elapsed. The Instron 4302 testing machine was used later for carrying out lap shear 
testing.
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The Instron machine was interfaced with an IBM PC computer. Before the experiment, a 
proper load cell and extension rate (lmm/min for all the lap shear, WTCB and DT tests) 
were selected. About 25.4 mm at each end of the samples were clamped in the vice of the 
machine. The machine was then activated through the computer and the load vs time trace 
was monitored on the computer screen till the failure in the bonded joint occurred. Soon 
after failure, the load at failure was noted from the graph and the shear strength calculated 
by dividing the load at failure by the overlap area. The mode of fracture of the joint was 
determined initially through unaided eye.
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Effect o f adherend geometry on lap shear strength 
Steels - ZHT, ZAL, ZAL G300, ZS and ZAn 
Adhesives - AV3131, K138 and 360HC
The bondline thickness of joints prepared with ZHT, ZAL, ZS, ZAn were varied by 
incorporating glass beads into the adhesive, mixed thoroughly and then applied on the 
steel surface. The glass bead diameters varied from 0.1mm to 1.5mm.
For studying the influence of overlap lengths on the lap shear strength, ZHT, ZS, ZAL, 
ZAn and ZALG300 (0.55mm) adherends were employed. During the same study, the 
effect of varying steel yield strength (since all the adherends possessed such values) on 
the lap shear strength were also observed.
Adhesive joint strength -
A wide variety of steels and adhesives were used for the purpose of developing a 
database of joint strengths. They included steels such as ZHT, ZAL, ZS, ZAn (Metallic 
coated) and BG, MG, AW, AR (organic coated) and adhesives such as AV3131, K138, 
K106, K219, K330, K340, 2012, 2014, 2015, 2018, 360HC.
2.2.2 Fracture toughness tests
2.2.2.1 Width Tapered Cantilever Beam Test (WTCB)
The validity of the WTCB test had to be established before confirming the application 
of this geometry for experimental work. For establishing the validity of the WTCB test, a 
compliance calibration of the test was carried out. The adherend used in this study was 
ZHT with adhesives AV3131 and K138.
A special die was used to stamp the samples from sheet steel. Initially rectangular strips 
were cut from the sheet steel and the strips were introduced into a special die. A 10 ton 
press was utilised for stamping the sheet strips inside the die. The dimensions of the 
stamped samples were similar to WTCB geometry. Soon after stamping, holes were 
drilled near the end of the rectangular section of the sample and any scarves around the
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holes were removed with a belt grinder. The samples were bent at the apex (Figure 2.2) 
to allow eventual fixing in the grips of the Instron.
The configuration of the samples after bending would be as shown in Figure 1.10. The 
adherends were suspended inside a vapour degreaser and degreasing carried out by using 
trichloroethylene.
Soon after vapour degreasing, the bent part of one degreased sample was clamped in the 
jig (Figure 2.1). The adhesive was smeared on the surface of the sample avoiding 
applying on the rectangular section.
To introduce a pre crack inside the adhesive, oven paper was put on the adhesive near the 
apex. The second sample was now brought in contact with the first.
Oven paper was wrapped around the samples and two clips were used to hold the 
samples together. The purpose of using the oven paper was to prevent the clips from 
sticking to the metal during curing. The samples were introduced into a forced air draft 
oven for curing. After curing, spews were removed with grinding papers from the edges 
of the samples.
For compliance calibration, the bent parts of the samples were held within the grips of the 
tensile testing machine (Figure 2.4 show picture of test).
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Figure 2.3: Photo showing the WTCB test.
The samples were pulled under mode I loading at a cross head speed of lmm/min with 
the 1KN load cell fitted. The plot of the applied load vs the time to failure was recorded 
by the IBM PC computer. At first, the applied load increased linearly with time. At the 
onset of crack growth, the load necessary to initiate the progress of the crack became 
constant (Figure 2.4). At that stage, the machine was stopped and the crack length (a) 
was measured. The measurement of crack length was carried out by first locating the 
crack tip and marking with a razor. Next, the top grip was lowered till the two halves of 
the sample came in contact with each other. The crack length was then measured with a 
scale. The load was again applied on the sample till further crack growth took place. For 
each crack growth (occurring as indicated by the onset of the plateau on the load vs time 
graph), the corresponding crack length was measured. This process of measuring the 
crack length was continued till the failure occurred. The adherends were examined for
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any yielding after the test. For verifying the validity of the test, the compliance was 
measured from the load vs time plot.
Figure 2.4: Schematic Load vs Time trace during WTCB test for ZHT bonded with 
AV3131
Next, to establish whether 'C'(compliance) was proportional to 'A'(crack area) a plot of 
'C' against 'A' was made. The slope dC/dA was put into equation (48) to calculate 
fracture energy. The value of fracture energy was then compared with the one evaluated 
on the basis of equation (14). The validity of the test method was established when these 
values were similar and the relationship between 'C' and 'A' was linear.
For all the organic coated sheet steels, fracture test was carried out after removing the 
polyethylene sheet from their surfaces. There were some adherends, however which 
yielded during WTCB test. They were ZS and ZAn (with K138, AV3131 and 360HC) 
and BG (with 360HC).
A dhesive  fra c tu re  energy
The WTCB geometry has also been employed in this study to compare fracture energies 
of different adhesive joints prepared with different adhesives. However, a limited number 
of adherend/ adhesive combinations were used because of the limitations imposed on the 
fracture testing due to the yielding caused by the adherends which made interpretation of 
the results difficult. Finally, the following adherends were found suitable for WTCB
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fracture testing- ZHT, ZAL, CS, AR, BG(Primer), BG (Top coat), AW, MG, Wheat, 
Merino, OW, Home. BG (Primer) was unsuitable for use with 360 HG because of 
yielding of the adherend.
Effect o f surface roughness on fracture energy 
Selection of etching time
The ZHT steel (WTCB samples) were first etched with five different solutions of 
HC1 from 5 to 15 mins and then EDS analysis carried out on all the etched surfaces. The 
purpose of etching was to introduce defects on the steel surface without dissolving the Zn 
coating. It was found that when the steel surfaces were etched with a solution of 5c.c 
HC1 in 20 C.C water the Zn coating was retained on the surface for etching times upto 15 
mins.
Selection of Adhesive
To select the adhesive suitable for these studies, small samples (lmm^) of ZHT 
were etched from 2 to 5 mins and then all the adhesives were spread on its surface. 
Interfacial studies were carried out according to section 2.2.4.2. The purpose of these 
studies was to ensure that only those adhesives were selected that possessed better 
wetting properties. Such pre - requisites were not required for polished steels because 
wetting properties were not important while studying the effect of WA on Gc. It was 
however, difficult to study the interfaces of all the adhesives except HY837 because after 
dissolving the steel and drying the adhesives, many were damaged. Only HY837 
interface could be studied and it was found to possess good wetting properties.
2.2.2.2 Polishing procedures for WTCB samples
To eliminate the effects of different surface roughness on the fracture energy, certain 
metallic coated steels were polished to the same roughness.
Three types of sheet steels were polished, namely ZHT, ZAL and CS. Each type of steel 
was polished by different techniques as described.
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ZHT:
An automatic polishing machine was used for polishing the samples. Initially, the 
samples were ground on a P1200 grit SiC grinding paper under a force of 100N and 150 
r.p.m. for 2 - 3 mins. During grinding, the grinding paper was always soaked in running 
water. After grinding, the sample edges were wiped in cotton soaked in soap for 
removing silica particles that may have been transferred from the grinding papers. All the 
cleaning operations were carried out under a stream of water. Next, the samples were 
immersed in water inside an ultrasonic cleaner for removing traces of silica particles 
adhering to the backing tapes. After ultrasonic cleaning, the samples were dried 
thoroughly in warm air and then fixed on the Accumet 'C' machine before the 
commencement of the first stage of polishing. Before that operation, a DP mol (6 micron) 
soft cloth was fixed on the platen. Diamond powder was sprayed from an aerosol can on 
the polishing cloth and at the same time a lubricant was added to the cloth. The samples 
were then polished for 10 mins under 100N force. During polishing, the lubricant was 
intermittently sprayed on the cloth to reduce friction between the samples and the cloth. 
Soon after polishing, the samples were removed from the machine and wiped with cotton 
wool as before. After wiping the samples were ultrasonically cleaned, dried under warm 
air and then fixed to the polisher for the second stage of polishing. For the second stage 
of polishing, a DP mol 3 micron soft cloth was used for 10 mins under 100N force.
In a similar manner, ZAL were polished according to the following sequence: 
grinding on P I200 for 2mins at 100N 
polishing on 6 micrometer DP mol for 5 min at 100N 
polishing on 3 micrometer DP mol for 7 min at 100N 
polishing on DP DUR lmicrometer (medium) for 2min at 100N 
CS samples were polished by the following schedule: 
grinding on P1200 for 10 mins at 150N 
polishing on 6micrometer DP mol for 10 mins at 150N 
polishing on 3 micrometer for 10 mins at 150N
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After final polishing, the sample holder was placed under a stream of hot water to reduce 
the adhesion between the backing tape and the sample holder. By using a scalpel the 
backing tape was then gradually removed from the surface of the holder ensuring that the 
samples did not plastically deform. Altogether, 36 samples of each steel type were 
polished.
Soon after removing the samples from the holder, the samples were kept inside a 
desiccator. Three samples from each lot were selected for adhesive bonding. The process 
of bonding WTCB has been described in Section 2.2.2.1. An unfilled epoxy (GY 6010 
from Ciba Geigy) was used with the following hardeners:
Table 2.3 List of hardeners for unfilled adhesive GY6010
Hardener Chemical Name Mix Ratio
HY943 modified aliphatic polyamine 100:33 pbw
HY 837 modified polyamine hardener containing phenol 100:35 pbw
LC 249 polyalkylamine n.o.s. 100:23
HY 2962 isophoronediamine 100:23 pbw
HY 2954 dimthyldiaminodicyclo hexylmethane 100:33 pbw
NAEP n - aminoethylpiperazine 100:21 pbw
Except HY2954 which cured at 50°C for 12 hrs, other hardeners were cured at ambient 
temperature for 24 hours.
The organic coated steels were not selected because the coating de - laminated from the 
surface of the steel during polishing. The presence of zinc coating on the surface of ZHT 
and ZAL after polishing were confirmed by EDS analysis. The surface roughness of the 
polished steels were evaluated by AFM and they were found to be similar on all steels 
(refer Table 3.4).
2.2.23 The Wedge Test
The wedge test described in the literature review is useful for the assessment of 
adhesive bond durability. However, to apply this test for the study of the adhesive
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bonding of coated steel, the usefulness of this method needs to be assessed. For this 
purpose, a number of materials were selected.
The materials used were ZHT and ZAL steel. The adhesives used were AV3131, K138 
and 360HC. The 360HC polyurethane was used to bond ZHT.
Before bonding, all the steels were vapour degreased with trichloroethylene. The 
dimension of one half of the wedge test sample was 100 mm x 25.4 mm and the other 
half was 70 mm x 25.4mm. The 30 mm difference in length between the two halves was 
necessary to accommodate the wedge on the jig (Figure 2.5). Before bonding, adhesive 
was applied on the surface of the smaller sample (70 mm length). To introduce a pre - 
crack, a small rectangular piece of oven paper was put on the adhesive near the edge of 
the smaller sample. The other sample was brought into contact with the first sample. The 
samples were wrapped in a oven paper and clipped. All the samples were cured and after
curing, the spews were removed from the edges. The samples were placed on the jig as 
shown and the wedge was driven into the adhesive with the help of the screw (Figure 
2.5) until crack growth was observed. As the crack advanced, the driving force for crack 
propagation fell and the rate of crack growth decreased. Therefore, before any 
measurement of crack lengths were made, it was ensured that the crack growth had 
stopped. That was monitored by storing the samples in a desiccator after initial loading. 
The crack tip was then marked under a stereo microscope with a razor. The samples were 
placed inside the jig and the crack length (Figure 1.11) measured from the scale graduated
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on the jig. The measurement of crack was carried out periodically to ensure equilibrium 
had been obtained. After this, the samples were inserted inside the environment chamber. 
The samples were taken out periodically and the crack lengths measured. The changes in 
crack lengths for different samples bonded with various adhesives provided a 
comparative effects of surface pretreatments on joint durability. None of the steels were 
plastically deformed.
2.2.2.4 The Double Torsion Test (DT)
The double torsion test was carried out to evaluate the bulk fracture energy of 
unfilled epoxies. The bulk epoxies were cast in a silicone rubber die. To prepare the die, 
a machined DT sample of DGEBA type epoxy was selected. Other materials required for 
preparing the die were silicone rubber pertaining to specifications RTV M4503 and 
catalyst T35, both supplied by 'Wacker Chemicals', Melbourne.
To cast the double torsion specimens, first the epoxy and the hardener were heated 
separately over a hot plate. Next, the heated chemicals were weighed in correct 
proportions in separate plastic cups. The plastic cups were then put inside a vacuum 
desiccator for degassing. After degassing, both the adhesive and the hardener were 
cooled and mixed carefully and slowly. After thorough mixing, the mixture was poured 
into a silicone mould. A needle was to prick any bubbles, specially near the notch area. A 
flat polyethylene sheet was then put on top of the adhesive and a weight was applied on 
top of it. The weight remained in that position till the adhesive cured. After curing, the 
silicone mould was carefully stripped from the casting. The adhesive, still attached to the 
polyethylene sheet was carefully removed from the sheet. The removal of the 
polyethylene sheet was a very sensitive operation because the cast adhesives were brittle 
and cracked many times. If that happened, the whole casting operation had to be 
commenced from scratch. The complete DT sample is shown in Figure 2.6. After 
samples were cast, they were tested to evaluate their bulk fracture energy. This was 
carried out by loading each sample in a special jig developed for the Instron machine. By 
using that jig, all the loading stress under a four point bending configuration could be
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transferred at the root of the notch. A lkN load cell was used for all the experiments. The
loading rate was lmm/min for all the tests. Initially the load vs time curve showed a linear
trend and at the onset of crack propagation it changed to a stick slip manner. After the
crack propagated entirely through the notch, the average load at crack initiation and at
crack arrest were recorded to evaluate the fracture energy from the equation (18) (108>:
^  3P2W"G -------- ^  ...(18)
2Wt3t G
where Ga - bulk adhesive fracture energy 
P - load at failure
E
G - shear modulus which is given b y ----------where 'E' is the modulus of epoxy
2(1 + 0 ) ^  J
(3GPa) and 1 O’ the poisson’s ratio (0.35) (109) of epoxy.
Wm - momemt arm
t - thickness of the specimen
tn - specimen thickness in the plane of the crack
Figure 2.6: Double Torsion sample.
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2.2.3 Surface characterisation from contact angle measurements
The determination of surface free energy for materials are important for the study of 
surface phenomena. Surface energy of steels and adhesives were evaluated by measuring 
the contact angle of probe liquids on the adherends and adhesives by Zisman's (110) 
method. However, special sample preparation techniques had to be employed for both the 
adhesive and sheet steel samples before any measurement.
2.2.3.1 Sample preparation:
Metallic and organic coated steel
The surfaces of the metallic coated steels were normally covered with dust and 
lubricants owing to exposure to production environments and therefore it was necessary 
to clean their surfaces before any contact angle measurements. The metallic coated steels 
were cut into small pieces with the help of a guillotine and then the end of the samples 
were drilled. The scarves around the holes due to drilling were removed by grinding and 
all samples were vapour degreased and put inside a desiccator.
The organic coated steels were covered with a polyethylene sheet. Because the use of 
solvents destroys the coating, the sheets were peeled from the steel and the samples were 
directly used for contact angle measurements.
Adhesives
All the adhesives fell broadly into three categories- one and two part epoxies and 
polyurethane. All the adhesives were cured against Teflon sheet.
The one part epoxy was sandwiched between two Teflon sheets and then cured in a 
forced air draft oven in accordance with recommended curing procedure. After curing, 
the Teflon sheets were stripped from the surface of the adhesives. The adhesive sample 
was then ready to be used for contact angle measurements. In a similar manner, both the 
polyurethane and two part epoxy samples were prepared.
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2.2.3 .2 C o n ta c t angle  m easu rem en ts on  s te e l an d  adh esives
A contact angle goniometer was utilised for the purpose of contact angle 
measurement. The model 100-00 goniometer (Figure 2.7) was supplied by 'Rame'- 
Hart'. The instrument consisted of a 2.3x objective lens and a lOx eyepiece. The overall 
magnification of the system was 23x. Within the microscope tube were two glass reticles. 
One reticle contained the horizontal reference line used to align the top surface of the 
specimen. The other reticle contained the measuring crossline which was aligned tangent 
to the drop profile at the baseline. The contact angle was read directly on the measuring 
reticle at 6 'o clock position. Before the operation, the optical specimen stage assembly 
was properly levelled. The illuminator was switched on and the specimen was brought 
under focus by using the image focus knob.
Figure 2.7: Contact angle goniometer.
A 'microman' syringe was used to collect 5 microlitres of probe liquid. The metallic 
coated steel specimen was placed on the stage and the height ol the stage was adjusted till 
the top surface of the specimen was aligned with the horizontal reference line. The probe
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liquid was dropped from the syringe on the surface of the sample. Immediately the 
measuring crossline was brought into the tangent position of the drop and the contact 
angle was read from the scale. Altogether, 20 measurements were recorded for each 
probe liquid and the average contact angle within 5° errors were considered.
After each contact angle measurement have been made, the specimen stage was moved 
transversely to accommodate another drop of probe liquid on a fresh surface. When no 
further space was left, the sample was wiped in acetone, degreased and used again for 
further measurements. A total of twenty drops were analysed for each probe liquid.
For organic coated steels the samples were not reused again because of difficulty in 
surface cleaning. Instead, fresh samples were used. A Zisman's plot was made for 
evaluating the surface energy by measuring the contact angle with seven liquids (Table 
2.1). An example of a Zisman's (u °) plot is shown in Figure 2.8 for an organic coated 
steel. The critical surface tension for wetting of the coated steel was found to be 
33mJ/m2.
The surface energy of the steels were evaluated by the geometric mean method 
as demonstrated by other workers (102) By this method, contact angle of water and 
formamide was measured and then two sets of simultaneous equations were solved for 
evaluating the surface energy ys- The simultaneous equations are of the form:-
1 + Cos0 =
yLv L
P P \1/2 / D P \1 /21
+ (y s -Yl v ] j
/ p p V 
(Ys -Ylv)
w'here subscripts 'P' and 'D' refers to the polar and dispersion component of the 
surface energy. 'S! and 'LV' refer to the coated steel and probe liquids respectively.
Surface energy was calculated from the relationship-
P D - '
YS + YS = YS
Table 2.1 Test liquids for measuring contact angles on adhesives and 
coated steel
Ylv Ylv
D
Ylv
Triply distilled water (110> 102) 72.2 50.2 22
Glycerol 01°. 102) 64 30 34
Formamide (11 °- 102) 58.3 26 32.3
Diiodomethane (110> 102) 50.8 2.3 48.5
Ethylene glycol (m - 102> 48.3 19 29.3
1-Bromonaphthalene (110> 102) 44.6 0.0 44.6
Tricresylphosphate 0 to, 102) 40.9 1.7 39.2
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Surface energy of probe liquids (mJ/m2)
Figure 2.8: Zisman's plot for. organic coated steel
2 .2 .3 .3  Acid-Ba$e characteristics o f  po lish ed  stee l and adhesives
For evaluating the acid base characteristics of polished steel and unfilled epoxies, 
contact angle measurements by using three liquids using the method of Good (113) were 
necessary. However, before any measurements, all steels and adhesives were polished to 
give similar surface roughnesses. For steel, the polishing procedures have been described 
in 2 .2 2 .2  therefore, polishing procedures for adhesives only will be discussed.
Polishing of adhesives
To evaluate the contact angle on unfilled epoxy, the samples were cast into square 
blocks and then the castings were polished. The blocks were cast inside moulds made 
from silicone rubber (similar specifications as a DT mould) and the dimension of the 
blocks were 25.4mm x 25.4mm x 10mm. Before casting, the epoxy and the hardener 
were heated separately over a temperature controlled hot plate. The purpose of heating 
was to reduce the viscosity of the adhesive and the hardener. After heating, both of them 
were measured separately in plastic cups and degassed. After degassing, the adhesive and
72
hardener were cooled and then mixed inside a plastic cup. Before casting, the inner walls 
of the silicone moulds were thinly coated with a layer of Vaseline. A thin film of the 
mixture from the plastic cup was put inside each silicone mould. With the help of a pin, 
air bubbles floating on the surface of the mixture were pricked. In that way , it was 
ensured that no bubbles remained on the surface of the mixture which otherwise would 
cause variations in the contact angle measurements. A piece of cardboard marked with the 
name of the hardener for identification was embedded inside the adhesive layer. For each 
epoxy-hardener combination, three castings were prepared. After the thin adhesive layer 
cured, thick layers of epoxy was built on top of each layer inside the mould till a height of 
10mm. The entire configuration of the mould and sequence of casting is depicted in 
Figure 2.9:
Bubbles pricked with needles
Figure 2.9: Casting unfilled epoxies.
Soon after the adhesives were cured, they were stripped from the moulds and proper 
grinding and polishing schedule was imparted for them. This was accomplished in the 
following manner:
The surface marked A ’ was ground on grade P180 SiC paper on a LECO GP20 grinder 
in order to eliminate rough edges and prepare a flat surface. Next, using the same 
grinder, the surface marked ’B' was ground in steps of P400, P800 and P1200 grinding 
paper. During the grinding operations, the grinding paper fixed on the platen was 
constantly wetted in running water. After grinding, the polishing operations were 
commenced on a BUEHLER-METASERV' polisher. Before polishing, the polishing
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cloth adhering to the platen was washed in a stream of water, and then brush cleaned to 
remove any particles from its surface. Linde 'C'(suspended particles of lmicron alumina 
powder in water) was sprayed from a bottle over the polishing cloth and the sample was 
polished on a platen revolving at 400 r.p.m. After that operation, Linde 'B' (suspended 
particles of 0.05 micron alumina in water) was used on another polishing cloth for 
polishing. During the final stages, OP suspension (silicon dioxide) was used. After final 
polishing, the sample was wiped over a moist sylvet cloth and then dried in warm air. 
Sample surfaces were finally observed by using an image analysis software for any 
bubbles and scratches. If bubbles were found, polishing operations were commenced 
from the beginning. All the samples, now free from any bubbles were ready for contact 
angle measurements. For the determination of the acid - base values (113), three probe 
liquids, diiodomethane, water and formamide were used. First, the contact angle of 
diiodomethane on the adhesive was measured with the 'goniometer'. This measurement 
was necessary for calculating ^/yLW component of the adhesive. Next, the contact
angles that both formamide and water made with the adhesive were also measured for 
calculating 47 and 47. The theory behind the calculation of all the acid - base
parameter has been discussed in section 4.4.2.
2.2.4 Scanning electron microscopy
The scanning electron microscope 'Stereoscan 440' was utilised to obtain 
micrographs of the samples for their surface characterisation as well as studying the 
interfaces. The microscope column was used to generate and focus a fine beam of 
electrons upon the specimen that was mounted inside the specimen chamber. The electron 
gun with a thermoionic emitter as a source of electrons was made from LaB6- Three 
electromagnetic lenses beneath the gun, focused and shape the electron beam before it 
struck the specimen in a scanned or rastered, fashion. The energy of the beam was 
adjustable from 300 volts to 30 KV and the electron beam current was adjustable from 
lpico amp to 1 microamp in order to suit the type of examination (operating manual Leica
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Cambridge) For our studies, the applied voltage was maintained at 20 kV and the beam 
current was 300 Pico amp.
2.2.4.1 Scanning electron micrography o f coated sheet steel
The metallic coated sheet steels were solvent wiped, dried and then the specimen chamber 
was vented before inserting the sample on the specimen stage. Before that, the specimens 
were first fixed with the help of glues on to some aluminium stubs. The glues spreading 
over to the stub surfaces were dried and then covered by a layer of silver paint. That was 
done to prevent the interaction between the electron beam and the glue inside the vacuum 
chamber, in which case the glue could degrade, evaporate and then cause damage to the 
vacuum chamber. The vacuum chamber was opened and the stubs were screwed into the 
specimen stage. The specimen stage was adjusted in such a way that one of the samples 
were directly under the electron gun. After that, the vacuum chamber was closed and then 
the vacuum pump was activated. The vacuum system was a turbomolecular pump backed 
by a rotary pump, the combination of which pumped air from the chamber. When the 
vacuum was in between 9 - 5  Torr, the column valve was opened and the microscope 
was brought into the imaging position.
The organic coated sheet steels were sputter coated with gold before examination to 
protect against charging upon exposure to the electron beam. The sputter gold coating 
was carried out inside a 'Dynavac SC100M magnetron sputter coater'. The sputter coater 
consisted of three parts, the cabinet (containing all the vacuum and inert gas piping, 
safety vacuum switch, vacuum sensor, high voltage power supply and the electrical 
control panel), the vacuum chamber and the magnetron sputtering head. The vacuum 
chamber was fitted to an argon gas cylinder. Before any operations, small specimens 
were cut with the help of the guillotine and then placed inside the vacuum chamber. The 
vacuum chamber was closed and then the vacuum pump turned on. When the vacuum 
was 100 microns, the argon gas admit knob was turned to let the gas enter the chamber. 
When the vacuum inside the chamber was 300 microns, the flow of argon was decreased 
till the vacuum level was maintained at 100 to 150 microns. The sputter control switch
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was switched on and the sputter current maintained from 50 to 58 mA. The sputter time 
was 0.25 secs. After sputtering was complete, the sputter control switch was switched 
off and air was allowed to enter the vacuum chamber. The specimen was then removed 
from the chamber and put inside the scanning electron microscope.
2 .2 A .2 . Scanning  electron  m icrography on  interfaces
Interfaces are normally the weakest links in a adhesive joint and therefore a systematic 
study of the interfaces between coated sheet steel and adhesives are important. Interfaces 
between a number of adhesives and adherends were studied, namely the WTCB ZAL 
samples bonded by K138 epoxy adhesive and cured both at ambient and at higher 
temperatures, WTCB ZHT bonded with AV3131 epoxy, and interfaces of etched ZHT 
steel bonded with unfilled epoxies. In all these systems a uniform approach has been 
used for studying the interface as described below:
WTCB samples
First of all, small samples were cut from original test specimens. Plastic moulds fitted 
with a cover were employed to mount the small samples in 'redux', which was a epoxy 
supplied by 'CIBA GEIGY'.
-P L A S T IC
MOULD
ADHESIVE
T
INTERFACE
SHEET METAL
Figure 2.10: Sample preparation for interfacial study 
The inner walls of the mould was smeared with Vaseline before casting and the sample 
was placed on the mould cover in such a way that the metal face was in contact with the
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cover. Redux adhesive was then poured on top of the sample till it filled the mould. After 
adhesive cured in 48 hours, the casting was stripped from the mould after removing the 
mould cover as shown in Figure 2.10. After the casting was taken out of the mould, ZHT 
sample was immersed in concentrated HC1 (32%) inside a glass beaker. As soon as the 
acid came in contact with the sheet metal, it dissolved the metal. The zinc coating on 
reaction with HC1 formed Zn++ ion and H2 gas was released which bubbled through the 
solution. When the bubbling stopped, only the adhesive remained adhered to 'redux'. 
The thin film of adhesive was washed gently in few drops of water and dried in warm 
air. The absence of metal was ascertained by carbon coating interface and EDS analysis. 
The time necessary to dissolve all metal was standardized by EDS analysis of interfaces 
created by dissolving the metal for different periods of time. It was found that the time 
necessary to dissolve all the steel depended on the thickness of the steels and a minimum 
24 hours was required for dissolving 0.86 mm thick steel. After this the adhesive 
remaining on the interface was then sputter coated with gold. This procedure had been 
described in 2.2.4.1.
For ZAL, similar casting procedure was employed to mount the sample and then the 
Keller's reagent (Hydrofluoric acid 1 ml, Concentrated hydrochloric acid 1.5 ml, Nitric 
acid 2.5 ml, water 95 ml) was used to dissolve the aluminium on the sheet steel. When all 
aluminium dissolved, the specimen was washed in water and the remaining zinc on the 
surface of the steel was dissolved in concentrated HC1.
The interfaces of ZHT steel bonded with the unfilled epoxies were prepared in a manner 
similar to ZHT and ZAL. All the interfaces were sputter coated with gold thereafter for 
SEM examination. This has been explained before.
2.2.5 Surface Profilometry
The surface roughness of coated steels and etched ZHT samples were determined 
using a surface profilometer. This was carried out in BHP Research and Technology
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Centre at Port Kembla. A ’Rank Taylor Hobson' profilometer was utilised for that 
purpose and a contacting technique was employed. In principle, the profilometer 
consisted of an arm to which a stylus was attached. The movement of the stylus was 
controlled by a computer. Before the experiment, the samples were cleaned in acetone 
and dried. Next, the distance of tracing of the stylus on the sample was fixed at 2.4mm. 
When the stylus was dragged across the surface of the sample, the vertical displacement 
of the stylus due to surface undulation were converted by a transducer into electrical 
signals which were processed into a raw profile of the surface (114). A printout of the 
surface profiles along with the quantified value of the surface parameters were also 
obtained. The definition of all the surface parameters are given in appendix 'C'.
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CHAPTER 3 - RESULTS
3.1 Lap shear testing
The lap shear test geometry has been utilised to study the effect of test geometry on lap 
shear strength. By studying these effects meaningful conclusions regarding the effect of 
material properties on the joint performance could be drawn. Therefore, the effect of the 
following geometry factors on the joint strength has been studied:
• joint overlap length
• bondline thickness
• yield strength of steel
• effect of glass beads
• adherend thickness
3.1.1 Effect of overlap length on failure load and LSS
Figure 3.1 shows the load at failure for different steels as dependent on the overlap 
length. Except in the case where one of the adherends yields, the failure load increases 
with higher overlaps, although the lap shear strength remains approximately constant 
(Figure 3.2). It can be seen that the joint strength is ultimately limited by the yield 
strength of the adherend since it defines the maximum load bearing capacity of the joint. 
The load at failure will increase with increasing overlap until the yield strength of the 
adherend is reached and then it will remain unchanged.
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Figure 3.1: Load at fracture of sheet steel joints bonded with A V3131 as a function of 
bond overlap length (filled symbols refer to yielding in adherend).
Figure 3.2a: Lap shear strengths of sheet steel samples bonded with AV3131 as a
function of bond overlap length.
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Figure 3.2b: Lap shear strengths of sheet steel samples bonded with AV3131 as a 
function of bond overlap length (filled symbols refer to yielding in 
adherend).
Figure 3.2 shows the effect the overlap length of five different steels on the lap shear 
strength of the steels bonded with AV3131. Depending upon its yield strength, the steels 
fall into two categories. For high yield strength steels (ZHT and ZALG550) the joint 
strength decreases slightly with increasing overlap from 3mm to 5 mm, and then remains 
constant for overlap lengths upto 13 mm (Figure 3.2a). The lower yield strength samples 
(ZS, ZAn and ZAL300) show a steady decrease in strength with increasing overlap 
(Figure 3.2b). Higher overlap lengths for these samples showed significant plastic 
deformation within the steel, and in some cases failure occurred within the steel.
3.1.3 Effect of bondline thickness on lap shear strength
The bondline thickness was found to have a significant effect on the lap shear strength. 
(Figure 3.3). The overlap length was kept constant at 10mm for all the samples. For each 
adhesive/adherend combination the lap shear strength decreases as the bondline thickness 
increases. The rate of decrease in strength is approximately the same for each material 
combination. The mode of fracture for all the samples was cohesive for AV3131 and
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adhesional for K138, with no significant differences in the fracture mechanism apparent 
for different bondline thicknesses. Similar results have been reported for lap shear (115> 
tests and butt j oints (4°).
Figure 3.3a: Effect of bondline thickness on the lap shear strength of ZS adherends with 
different adhesives.
Figure 3.3b: Effect of bondline thickness on the lap shear strength of ZAn adherends
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Figure 3.3c: Effect of bondline thickness on the lap shear strength of ZHT adherends 
with different adhesives.
3.1.4 Effect of yield strength on lap shear strength
Figure 3.4 shows the results for lap shear tests on three different ZAL adherends with 
varying overlap lengths. The results are similar to those reported in the study on the effect 
of overlap length on lap shear strength, with a steadily decreasing lap shear strength 
observed for samples that show plastic deformation within the adherend, and a constant 
lap shear strength for samples that do not yield (between overlaps 5 mm and 13 mm). It 
is interesting to note that the lowest overlap 3mm on all three samples show statistically 
equivalent lap shear strengths. Thus, when plastic deformation can be avoided the lap 
shear strength is independent of the adherend thickness and yield strength at least over the 
range studied.
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Figure 3.4: Effect of bond overlap length on the lap shear strength of ZAL samples of 
differing yield strength and thickness
3.1.4 Effect of glass beads on lap shear strength
The addition of glass beads to the adhesive is a commonly used technique for controlling 
the bondline thickness. However, there is little information available to describe the effect 
of these additions on the properties of the adhesive joint. Figure 3.5 shows the lap shear 
strength of ZHT/AV3131 joints which have a nominal bondline thickness of 0.23 mm 
and an overlap length of 10 mm and in which the amount of glass beads has been varied 
from 0% to 77% by weight. The results show that the adhesive without any glass beads 
is significantly stronger than those with glass beads added. The lap shear strength 
decreases rapidly from this maximum value as the amount of glass beads added is 
increased. Between about 10% and 50% the lap shear strength is constant, before 
dropping sharply again at still higher glass bead contents. The actual bondline thicknesses 
of these samples varied significantly with a steady increase from 0.13mm to 1.09mm as 
the amount of glass beads were increased from 0 to 77%. This increase in the bondline 
thickness may contribute to the decrease in lap shear strength.
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Figure 3.5: Effect of glass bead content on the lap shear strength of ZHT adherends.
3.2 W idth Tapered Cantilever Beam (WTCB) fracture testing
The validity of the WTCB geometry has been verified in this section. The results from 
this test have been compared with the 'wedge' test to observe the usefulness of this test. 
For both the WTCB and wedge test ZHT and ZAL were bonded with AV3131, K138 
and 360HC and then fracture energy of the joints were evaluated. Before any analysis 
however, the compliance calibration for the WTCB was carried out (r e f  2 .2 .2 .1  ).
The variation in fracture energy with bondline thickness has also been studied and 
experiments were carried to observe whether addition of glass beads affects the fracture 
energy of the adhesive joint.
3.2.1 Compliance Calibration
A compliance calibration curve for ZHT bonded with AV3131 is shown in Figure 3.6.
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Figure 3.6: Compliance Calibration.
A linear compliance graph is obtained. This relationship has important significance with
equation (14) in section 1 .4 .2 .1 .1 . This is because the theoretically derived equation
shows that the fracture energy '(G)' will be proportional to the force necessary for crack 
/ dC\
extension 'P' when J is constant. This relationship between 'P' and 'G' should be
valid for a correctly machined WTCB sample. Since 'dC' is proportional to 'dA' in
/dC\
accordance with Figure 3.6, the ratio J is constant in this case. Therefore, the
WTCB test of sheet steel joints appears to be a valid fracture mechanics test. With low 
yield strength steels, plastic deformation occur within the adherend during the test thereby 
rendering this test unsuitable for those types of steels.
3.2.2 Validity of Width Tapered Cantilever Beam Test
The results from the WTCB test are shown in Table 3.1.
It was not possible to carry out legitimate WTCB tests with bonded ZS and ZAn because 
of plastic deformation within the adherend during the testing.
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Table 3.1. Fracture energy of joints from WTCB test
STEEL ADHESIVE FRACTURE
MODE
BONDLINE
(mm)
GlC
J/m2
ZHT AV3131 Cohesive 0.05 550 + 12%
ZHT K138 Adhesional 0.06 504 + 7%
ZAL AV3131 Cohesive 0.05 520 + 5%
ZAL K138 Adhesional 0.05 25 + 54%
ZHT 360 HC Adhesional 0.06 150 + 5%
ZAL 360 HC Adhesional 0.06 145 + 6%
It can be observed from Table 3.1 that with both the coated steels, a greater fracture 
toughness was obtained with AV3131 adhesive than with the two part K138. The failure 
mode with AV3131 was cohesive for both the steels whereas for K138 the failure was 
adhesional. The ZHT samples had slightly higher average fracture toughness values than 
ZAL adherends.
3.2.2.1 Wedge Test
The Wedge test was utilised to verify results from WTCB. test. The results from the 
wedge test are shown in Table 3.2.
No data could be generated from bonded ZS and ZAn because of plastic deformation 
within the adherend. The trends in the results are similar to those observed for WTCB 
tests. In most cases the wedge test tended to give slightly higher fracture values than the 
WTCB test. This may be due to the fact that the wedge test requires an extremely accurate 
measurement of the crack length (refer equation 16 in 2.2.2.2). Hence the wedge test is 
not expected to be as reliable as the WTCB test. The fracture energy with both adherends 
are greater with AV3131 than with K138 and the failure mode is cohesive with the former 
and adhesional with the latter.
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Table 3.2 Fracture energy of joints calculated from Wedge test
STEEL ADHESIVE FRACTURE
MODE
BONDLINE
(mm)
Gic
(J/m)2
ZHT AV3131 Cohesive 0.06 793 + 17%
ZHT K138 Adhesional 0.05 98 + 4%
ZAL AV3131 Cohesive 0.05 660
ZAL K138 Adhesional 0.06 164+ 13%
ZHT 360HC Adhesional 0.05 197
3.2.3 Influence of bondline thickness on fracture energy
The fracture energies of the ZHT samples bonded with AV3131 at different bondline 
thicknesses and calculated from WTCB tests are given in Figure 3.7. These results show 
that there is no significant effect on fracture energy with variations in the bondline 
thickness over the range studied.
Figure 3.7: Effect of bondline thickness on fracture energy for ZHT bonded with
AV3131
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3.2.4 Influence of glass beads on fracture energy
Similar tests were also conducted using the WTCB for three types of samples having 
different quantities of glassbeads added : 1% 50% and 77%. The results are given in 
Figure 3.8. A similar trend to that observed for lap shear results was observed with the 
fracture energy decreasing with higher quantities of glass beads. Again, the bondline 
thicknesses varied, in this case from 0.69 to 2.07mm. However, as reported above the 
fracture energy was found to be independent of bondline thickness in this range. Thus, 
the decrease in fracture energy must be attributed to other causes.
Figure 3.8: Effect of glass bead content on the fracture energy of ZHT adherends bonded 
with AV 3131.
3.3 Adhesive Joint strength - Commercially available adhesives and 
coated steels
The aims of this section is to analyse how well various commercial adhesives bond with 
certain coated steels. Previous results will be useful for establishing standard mechanical 
test methods for the purpose of evaluating bond strengths both in the ambient and humid
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environments. The established test methods, for example, the lap shear test and WTCB 
test will now be utilised for obtaining a database of information on adhesive bond 
strength. Failure surfaces will also be investigated because it was apparent from 3.2.2 
and 3.2.2.1 that examination of failure surfaces might provide important information.
3.3.1 Lap shear strength
For the metallic coated steels, the results of the lap shear tests (Figure 3.9) show that a 
high strength is observed with one part epoxy AV3131. However, polyurethane 
adhesives (360HC & 2018) gave poor joint strengths. The two part room temperature 
cured epoxies produced intermediate results, for example with K106 and K138 high 
strengths were achieved. However, K330 and K2015 gave poor results. With one part 
epoxy higher joint strengths were achieved than recorded by other workers (107).
For room temperature cured epoxies, ZS gave the highest joint strength. However the 
zinc coating on ZS and ZAn was not strongly adhered to the steel and therefore it was 
removed when the interfacial adhesion between the adhesive and zinc became high. That 
type of failure is illustrated in Figure Ml for ZS/AV3131 and M2 for ZAn/K138. For 
these steels, the joint strengths was limited by the strength of the zinc coating adhesion. 
For ZHT or ZAL the adhesion of metallic coating to the steel was higher which explains 
why high joint strengths were achieved with the high temperature cured epoxy.
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Figure 3.9: Lap shear strength of metallic coated steel bonded with various adhesives. 
(Comparison with Shane et al's work) (10?).
The lap shear strengths for organic coated steels (Figure 3.10) were more variable since 
different colours showed different trends. For example- BG possessed high joint 
strengths with all adhesives except 360HC.MG and AR showed variable behaviour with 
some adhesives giving high strength and others poor.
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Figure 3.10: Lap shear strengths with organic coated steels. 
(Comparison with Shane et al's work) 107)-
3.3 .1 .1  F ailure m odes
In Figure 3.11 the types of fracture modes observed with the metallic coated steels are 
illustrated. The failure within the zinc coating was noted for many of the ZS and ZAn 
joints. For all other cases 100% adhesional failures were observed except for AV3131 
where the failure mode was 100% cohesive. It is apparent from the observation of failure 
modes and the trend in the results that highest strengths are achieved in joints that failed 
cohesively.
For the organic coated steels however, the picture is different. AW formed a poor bond 
strength with most adhesives. Only polyurethane adhesives 360HC and 2018 and one 
part epoxy 2015 gave high joint strengths.
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Figure 3.11: Failure modes determined by unaided eye for various adhesive/metallic 
coated steel joints: a) ZAL b)ZHT c) ZS
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Figure 3.12: Failure modes observed with unaided eye for joints of organic coated steels 
bonded with various adhesives :a) AW b) MG c) BG
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Detector= SE1Photo No.=3
M l: Scanning electron micrograph of adhesive side of adhesional failure of ZS bonded 
with AV3131. Bnght areas result from zinc metal removed from the adherend.
M2: ZAn/K138 fracture surface showing the detachment of the zinc coating from the steel
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M3: Photograph of ductile fracture of Beige bonded with 2018 (10?).
For organic coated steels, the mechanism of failure also gave information on the reasons 
underlying the varying joint strengths.(Figure 3.12). For low joint strengths, the failure 
was adhesional between the adhesive and topcoat. With higher joint strengths the failure 
locus moved within the polymer coating. In particular, the joint strength was limited by 
the cohesive strength of the paint layer for all the organic coated samples tested with 2018 
polyurethane and all adhesives used with Birch Grey. M3 shows an example of cohesive 
failure within the paint layer.
3.3.2 Fracture Energy
The fracture energy data generated from the WTCB test showed a trend similar to that 
observed in lap shear test (Figure 3.9 & 3.10). Joints prepared with AV3131 required 
higher energies to fracture than two part epoxies and polyurethane H360. Two part epoxy 
and polyurethane 2018 developed a strength intermediate between AV3131 and 360HC. 
The mode of failure in joints bonded with one part epoxy was cohesive, while for K138
96
and 360HC the failure mode was adhesional for all steels. However, for BG, the 
bonding between the coating and 360HC was so high that the fracture test could not be 
performed because of non-elastic deformation of the adherend. One striking observation 
from the fracture test is that ZAL, which developed a high lap shear strength with K138 
possessed a very low fracture energy (Figure 3.13). Several repeat experiments verified 
this result.
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Figure 3.13: Fracture energy of coated steels.
A wide variety of joint strengths have been observed through different test methods. 
Generally, heat cured epoxy gave the highest strength with metallic coated steels and the 
polyurethane 2018 gave consistently higher bond strengths with the organic coated steels.
3.4. Adhesive Joint strength unfilled adhesives and polished steels
To develop a generalised model which would relate the total joint fracture energy Gc with 
bulk adhesive fracture energy Ga and the work of adhesion, an ideal system was
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considered. This consisted of polished metallic adherends and unfilled epoxy adhesives. 
Different adhesives were prepared by curing the same resin with a range of different 
hardeners.
TABLE 3.3. Bulk fracture energies of unfilled adhesives and fracture
energy of joints made from polished steels
Hardener Polish ZHT Polish ZAL Polish C steel
Ga (J/m^) Gc (J/m2) Gc(J/m2) Gc (J/m2)
HY2962 5.30 0.827 1.02 1.564
HY943 112.17 0.823 6.49 20.64
HY249 204.91 0.791 1.47 3.51
HY2954 217.90 0.996 16.10 15.51
HY837 248.61 0.805 108.8 21.12
NAEP 5.27 0.392 27.078 0.879
Failure mode is adhesional for all joints except those with polished ZAL bonded with 
HY837 and NAEP which failed cohesively. For the joint strength model only Gc and Ga 
values of adhesionally failed joints have been considered. It is observed that the fracture 
energy of all the unfilled adhesives are different. This shows that various types and 
number of crosslinks are formed within the epoxy by the different hardeners which 
influenced the energy necessary to extend the crack through the notch of DT specimens. 
HY 837 has the highest fracture energy while NAEP is the lowest.
3.5. Adhesive Joint strength - unfilled adhesives and etched steels
3.5 1 Selection of etching time
The influence of adherend roughness on the joints strength has been ascertained by 
etching ZHT surfaces with acid and observing the variation in joint fracture energy (Gc) 
with etching time. Before this, the selection of etching time and type of adhesive used 
was determined. SEM observations (M4 to M7) of the etched surfaces revealed that the 
surface morphology of the etched surfaces altered in an irregular manner. Figure 3.14 
show a graphical representation of the SEM of etched surfaces. It is observed from both 
the SEM and Figure 3.14 that the surface morphology of the steels etched from 2 to 5
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mins may be conducive to good adhesion. However, after 10 mins, a flatter surface 
morphology is observed. The acid attacked the flatter surface and after 15 mins again pits 
appeared on the surface of the steel. From these observations, it appears that the surface 
of the steel may not be conducive for good adhesion after 5 mins and therefore the 
preferred etching time was 2 to 5 mins. EDS analysis carried out on the etched samples 
confirmed the presence of zinc coating on the steel surfaces.
2 min
10 min
15 min
Figure 3.14: Pictorial representation of etched surfaces of ZHT.
UD = 28 ram E.M. Unit Wollongong 
Detector= SE1
EHT=20.00 kV
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M4: Scanning electron micrograph of etched ZHT a) 2min
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M5: Scanning electron micrograph of etched ZHT a) 5min
Photo No. 7
EHT =20.00 kU WD 29 rwi E M. Unit Wollongong
Detector= SE1
M6: Scanning electron micrograph of etched ZHT a) 10 min
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3.5.2 Influence of adherend roughness on fracture energy
Figure 3.15: Variation in fracture energy of etched WTCB samples (ZHT - HY837).
1 0 1
It was observed that the fracture energy of the joint increased with increased etching time 
(3.15).
3.6 Surface Characterisation
The information on the database of initial adhesive joint strengths did not explain the 
mechanism of adhesion. Since for adhesive bonding, two surfaces should first come into 
intimate contact with each other before the formation of a bond, it is logical to assume that 
different surface characterisation techniques will be useful to explain the mechanism of 
adhesion. Therefore, the morphology of bare steel surfaces have been studied by using 
SEM and AFM. The surface roughness of bare steel surfaces were evaluated by using 
surface profilometry as also etched ZHT and the interface between etched ZHT and 
HY837 cured epoxy. Auger electron spectroscopy was also used to evaluate the chemical 
composition of the coated layers.
3.6.1 Surface roughness
The surface roughness values of the metallic coated steels ZHT and ZAL are higher than 
the organic coated steels (Figure 3.16 & 3.17). The surface roughness parameters have 
been evaluated when the stylus of the profilometer touched the surface undulations and 
therefore the surface morphologies must possess some correlation with surface 
roughness. This is expected if reference is made to the SEM of bare steel surfaces and the 
observed roughness factors. The definition of the roughness parameters are explained in 
the appendix 'C'.
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3.6.1a Surface roughness parameters of bare steels by profilometry
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Figure 3.16: Surface roughness of metallic coated steel.
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Figure 3.17: Surface roughness of organic coated steel (note scale is the same as used in 
Figure 3.16)
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The surface roughness of all the polished steels measured at the same scanning areas bear 
similarity with each other (Table 3.4). Quite a large difference is observed between the 
surface roughness of unpolished and polished steels (Tables 3.4 & 3.5).
Table 3.4. Surface roughness of polished steels by AFM
3.6.1b Surface roughness -  polished and unpolished steels (AFM)
Scan area
Types of coated 
steel t
n 0 1 100 pm
Ra(nm) Rq(nm) Ra(nm) Rq(nm)
Polish ZHT 7.8 10.7 10.8 14.5
Polish ZAL 3.3 4.8 3.4 5.0
Polish CS 8.5 13.6 10.8 17.4
Table 3.5 Surface roughness of unpolished steel by AFM
Scan size
Types of coated 100 pm
steel
Ra (nm) Rq (nm)
Unpolished ZHT 318 400
Unpolished ZAL 398 496
Unpolished CS 425 506
3.6.1c Variation in surface roughness with etching time
The effect of surface roughness on adhesion was investigated by acid etching a polished 
ZHT surface for various periods of time. The effect of etching time on roughness is given 
in Figure 3.18.
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Figure 3.18: Roughness factors of interface of etched ZHT
3.6. Surface Characterisation
3.6.2 Surface morphology
It is interesting to observe that the surface morphology of all the bare steels are 
quite different. The ZHT surface shown at two different magnifications clearly 
demonstrate two regions, a nodular region M8 (a) and a flatter striated region M8 (b). In 
between the nodular and striated regions, deep valleys are observed. The ZAL surface 
(M9) has a different morphology. Again, the passivation process imparted on the surface 
of ZAL produced deep valleys on the surface. Both these micrographs imply that the 
surface undulations on the surfaces of ZAL and ZHT could be the sites on which the 
adhesive may flow before curing and then form intimate contact with the steel. The ZS 
and ZAn surface morphologies are quite different from ZHT and ZAL. Micro crystalline 
zinc coating is observed in all the micrographs (M10 and M il .  In contrast, the SEM 
micrograph of the organic coated steel is rather featureless (M12).
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M8 (a): Scanning electron micrograph of bare ZHT surface
M8b: Scanning electron micrograph of bare ZHT surface.
106
EHT=20.00 kV Mag= 1.01 K X 
Detector= SE1
WD= 41 nn
Photo N o . =4
M9. Scanning electron micrograph of bare ZAL surface.
M10. Scanning electron micrograph of ZS surface.
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Mil:  Scanning electron micrograph of ZAn surface.
M l2. Scanning electron micrograph of organic coated steel surface.
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As mentioned in section 1.5.2, surface analytical techniques like the XPS (X ray 
photoelectron spectroscopy) could be utilised for evaluating the chemical composition
\ *r
near the top nanometres of the surface. The surface chemical composition of a few coated 
steels have been evaluated at BHP Research and Technology Centre, Port Kembla. The 
results of this chemical analysis is shown from Figures 3.19 to 3.21.
Figure 3.19 show that as expected a high concentration of Zn is present near the surface. 
The 'C  could not be avoided because it is an organic contaminant layer. Oxide layer is 
also evident on the surface and small amounts of A1 and Na is also observed.
The ZAL surface (Figure 3.20) consists of aluminium oxide. However, due to the 
passivation treatment the Zn level is suppressed at the surface. At a depth of 20nm the Zn 
content is 18 atomic weight percent, less than 25 atomic weight percentage(its bulk 
value). The oxygen content is high at the surface due to an aluminium oxide layer. Silicon 
is also present.
The surface of ZAn (Figure 3.21) shows A1 enrichment although the concentration of A1 
falls away quickly with depth. At the same time the level of Zn and iron increases. An 
oxide layer is again evident and is probably a mixture of Zn and aluminiumn oxide.
3.6.3 Surface Composition
N O M I N A L  D E P T H  (nro)
Figure 3.19: XPS depth profile for ZHT (from BHP steel)
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Surface energies and acid - base characteristics of polished steel and adhesives
3 .6 .4  Surface Energies
Table 3.6 Acid - base parameters and surface energies for steel and 
adhesives
Adherend YS / LWV  Y Jr J r
ZHT 28.43 6.02 0.30 3.15
ZAL 42.75 6.34 0.18 4.79
Carbon Steel 44.77 6.44 0.114 4.89
943 36.62 6.41 0.142 2.883
LC249 34.12 6.52 -0.203 3.17
HY2954 46.02 6.72 0.451 2.60
HY2962 40.92 6.76 0.08 2.70
HY837 43.88 6.44 0.54 2.62
NAEP 35.66 6.49 -0.86 4.59
Surface energy and acid - base characteristics of unpolished coated steels and adhesives
Table 3.7. Acid - base and surface energy values for unpolished steel and 
adhesives
Adherend YS rlw V  Y Jr Jr
ZHT 40.07 6.38 -0.37 4.97
ZAL 43.6 5.88 -1.03 6.13
AR 43.08 5.66 1.2 4.29
MG 34.49 6.09 0.06 4.01
AW 46.52 6.37 -0.25 5.51
Beige 38.88 6.27 0.24 4.24
Wheat 39.60 5.88 -0.32 5.09
Merino 50.14 6.23 -0.72 4.37
Off White 32.51 5.91 -0.36 4.38
Homestead 41.29 5.88 -0.40 5.25
BG(Primer) 32.32 6.59 -0.78 5.04
360HC 49.93 5.16 0.86 5.68
K138 38.90 6.18 0.484 3.136
I l l
3.7.1 Lap shear test
The aim of compiling these results is to compare the durability of adhesively bonded lap 
shear joints. In order to observe the influence of a hostile environment on the adhesive 
joints, all samples were placed inside a humidity cabinet at 50° C and 95% relative 
humidity. This comparison has been made by observing the gradual decay in the lap 
shear strengths of all the steel joints that have been exposed to a humid environment. 
From Figure 3.22, it is clear that the joint strengths of galvanised steels are the most 
affected, while the organic coated steels retain substantial strengths even after longer 
exposures.
From Figure 3.23, the durability of lap shear joints can be divided into three groups. The 
most durable coated steels investigated include BG (Top coat), since almost 75% or 
greater of their strengths are retained after eight months. BG (Primer) falls into the 
second (intermediate durability) group having retained 50% of its strength after 8 months. 
ZHT and ZAL show the poorest durability since they retain less than 25% of their 
strengths after 8 months. ZHT is the worst affected among all the steels since it looses 
almost all its strength.
The decrease in lap shear strengths of all the steels bonded with K138 follow a different 
trend (Figures 3.24 and 3.25), although only three steels were used for these studies.
3.7 Durability Studies
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ZHT
..... *...... ZAL
——™ zs
-----*—  ZAn
—  r—  BG (primer) 
BG (top coat)
re 3.22: Decrease in lap shear strength of A V3131 bonded steel.
ZHT
ZAL
ZS
ZAn
BG (Primer) 
BG( top coat)
Time (months)
Figure 3.23: Retention of lap shear strength with time for steels bonded with AV3131.
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ZHT
BG (Top coat) 
ZAL
Months
re 3.24: Decrease in lap shear strength of K138 bonded steel.
ZHT
.....O....  BG (Top coat)
O — ZAL
Figure 3.25: Decrease in lap shear strength retention with time for coated steels bonded
with K138
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The organic coated steel (BG top coat) retains 75% of its strength (Figure 3.25) and is the 
most durable among all the steels tested. The behaviour of both ZHT and ZAL is similar 
since both of them retains 50% of their strengths.
Time (months)
Figure 3.26: Decrease in lap shear strength of 360HC bonded steel.
ZHT
ZAL
— O--- BG (Top coat)
Figure 3.27: Decrease in lap shear strength retention with time for coated steels bonded
with 360 HC.
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The poor durability of a polyurethane adhesive to steel is demonstrated in Figure 3.26 
and 3.27. As with AV3131, ZHT degraded in strength during the early stages. In so far 
as the final result is concerned, both BG (Top coat) and ZAL are equally durable. 
However, more strength was retained by ZAL than BG till the 6th month.
3.7.2 W edge Test
The wedge test was carried out to compare the durabilities of different bonded steels 
possessing a pre - crack within the joint and exposed to a hot and humid environment.
Figure 3.28: Increase in crack length within wedge test samples bonded with AV3131.
For joints made with AV3131 the results shown in Figure3.28 clearly demonstrate that 
the organic coated steels are more durable than the metallic coated steels since the 
percentage of crack growth is highest in the joints prepared with the latter.
The steels bonded with K138 (Figure 3.29) fall into three distinct categories. ZHT gave 
the poorest performance and the BG primer best performance since the crack did not
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grow at all within the joints prepared with primed steels. The organic top coated steels 
showed intermediate performance.
Figure 3.30 shows the wedge test results for joints bonded with 360HC. Again, the 
organic top coated steels gave the best performance since the crack showed minimum 
growth. ZAL performed a little better than ZHT.
— □— ZHT
.... •<>■••... ZAL
o —- BG (primer)
— A—- AW
.... B..... AR
.... * ..... MG
Figure 3.29: Increase in crack length within wedge test samples bonded with K138.
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ire 3.30: Increase in crack length within wedge test samples bonded with 360HC.
Hours
Figure 3.31: Increase in mass of adhesive exposed to humid environment
The absorption of moisture by different adhesives may give some insight into adhesive
joint durability. From Figure 3.31 it is observed that there is a limit to which all adhesives
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can absorb moisture. For example, K138 reached a saturation level after eight days 
immersion which is 5.5% of its weight. AV3131 reached a saturation point after twelve 
days after absorbing only 1% of its weight of moisture while the polyurethane absorbed a 
negligible amount of moisture.
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CHAPTER 4 - DISCUSSION
The aims of the discussion are to explain the results from the various experiments. Most 
of the data have been described in the results chapter including the important trends in the 
relationship between each dependent and independent variables. The possible 
explanations for all these differing trends will be given in this chapter. Ultimately the aim 
of this chapter is to present a model which can be used to predict the initial adhesion 
strength of bonded steel joints. This will involve attempting to relate the adhesive fracture 
energy to the work of adhesion and the bulk fracture toughness of the adhesive, as 
described below.
First, however, a number of casual relationships need to be established:
• Effect of joint geometry on the lap shear strength
• Validity of the WTCB fracture mechanics test 
•Correlation between lap shear strength and fracture energy
The aim of these studies is to relate the adhesion fracture energy to the joint strength in 
typically used joint geometries.
Next, the "material" aspects of adhesion are interpreted on the basis of the joint fracture 
energy (Gc) , since this has been shown to be mostly independent of geometry factors. 
The joint fracture energy should be directly related to the work of adhesion (Wa ) when 
interfacial failure occurs since Gc = Wa + Wp (19)
where Wp is the energy dissipated in plastically deforming the materials during 
macroscopic loading. If this plastic deformation is localised near the crack tip then the 
sample should behave in a linear elastic manner and LEFM tests such as the WTCB test 
will provide a valid value of the macroscopic fracture energy. Since equation (19) applies 
to interfacial failures the plastic zone at the crack tip will encompass both polymer 
(adhesive) and metallic (adherend) materials. However,, due to the low applied loads it is 
assumed that the plastic deformation of the metal is negligible. Hence, it is thought that 
Wp would depend on the bulk fracture energy of the adhesive (Gg).
1 2 0
However, it would also be expected that Wp would depend upon the work of adhesion. 
When Wa is higher a greater applied load is needed to initiate fracture and so a greater 
amount of plastic deformation will occur within the adhesive. Equation (20) shows the 
expected general relationship for Wp:
W p = KW”G; (20)
where 'K', 'm' and 'n' are constants. Equation (21) is obtained by substituting (20) into 
(19) and provided a means of calculating the Wp contribution to macroscopic adhesion:
W p = (Gc - W A) = KWXGa" (21)
In this thesis experimentally determined values of Gc, Wa and Ga are used to statistically 
fit a relationship to equation (21) using multiple linear regression analysis. The fitted 
expression is then used to calculate Gc values which are compared to other experimentally 
measured Gc values.
Although it is practical to correlate the joint fracture energy with the total work of 
adhesion Wa , previous studies have shown that the acid - base contribution may have 
greater influence on the joint strength. Therefore, another model as described by equation 
(22) has been created by using statistical analysis:
(Gc - W A) = KI(w lb)m‘.Ga"' (22)
where (W a) is the contribution of the acid - base component towards the total work of 
adhesion and K j, m i and n i are constants.
A further contributor to adhesion is the surface roughness of the adherend. An attempt 
has been made to quantify this effect for adhesively bonded etched steels. Also, an 
attempt has been made to identify interfacial defects arising from incomplete wetting.
1 2 1
Finally, the durability of the bonded joints in a hot/humid environment will be discussed. 
The durability assessment of the wedge and lap shear test data provides useful 
information which will be of obvious benefit to adhesives users. A better understanding 
of the mechanisms causing loss of adhesion strength may lead to methods for improving 
joint durability.
4.1 Effect of joint geometry on lap shear strength
The single overlap joint is commonly used in many applications for adhesives. The 
results given in Section 3.1 show that the LSS depends on the joint geometry as well as 
material factors. An attempt to explain the former is given in this section with reference to 
previously reported studies on this subject.
4.1.1 Effect of Joint overlap on lap shear strength
Figure 3.1 shows the load at failure for different steels as a function of the overlap 
length. Except in the case where the adherend yields, the failure load increases with 
higher overlaps. When adherend yielding occurs it can be seen that the joint strength is 
ultimately limited by the yield strength of the adherend.
The lap shear stress of the joint describes the load bearing efficiency and it is given in 
Figure 3.2 for bonded steels of different overlap lengths. If the joint were 
homogeneously strained the lap shear strength should be independent of the geometry of 
the joint. The analytical techniques by Volkersen (33>, Goland and Reissner (34> show that 
the strains vary throughout the joint and are sensitive to factors such as bond overlap 
length. Therefore, the lap shear strength will be dependent on the joint geometry and can 
provide information regarding the efficiency of stress transfer. Figure 3.2 demonstrates 
that the load bearing efficiency of the joints tends to decrease with increasing overlap 
length at least to a limiting overlap.
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For adherends that yield, this relationship may be explained by the dependence of the lap 
shear strength (ols ) on the failure load Pf:
( ° L S  ) =  P f/L .W  (23)
where 'L' is the overlap length and 'W  is the specimen width. Since the maximum load 
that such joints can sustain is given by the yield load Py of the adherend, then the lap 
shear strength of the joint will decrease as the overlap length (L) increases when yielding 
occurs:
(°L S  ) =  P y /L .W  (24)
It is also evident from Figure 3.2 that the lap shear strength decreases with increasing 
overlap length when yielding is not observed. This occurs in all steels when the overlap 
is increased from 3 to 5 mm. This means that the 3 mm overlap is more efficient in 
transferring the stress between adherends. The decrease in efficiency with increasing 
overlap can be attributed to the increasing level of peel stress 0) that occurs within the 
jo in t. Adhesive strength is known to be much reduced in peel as compared to shear (*), 
since the stress becomes concentrated at the ends of the bond in the former, whereas it is 
spread more uniformly across the joint in shear (Figure 1.9). The work by Goland and 
Reissner (34> show that the larger overlap length increases the peel stress concentration in 
the joint. The breaking stress is thereby reduced.
For overlaps in excess of 5 mm the lap shear strength did not change for the high yield 
strength adherends. This indicates that the peel stress contribution remains unchanged so 
that the stress transfer efficiency is independent of overlap length in this range. As a 
consequence the lap shear strength is constant, while the load bearing capacity increases.
4.1.2 Effect of adherend yield strength and thickness on joint strength
The results from Figure 3.4 show the effect of adherend thickness on the lap shear 
strength. As would be expected, thicker adherends delay the onset of yielding within the 
adherend as the tensile stress within the adherend is lower. Since yielding was not 
observed in the ZAL300 samples of 1mm thickness, then these samples behave in a
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similar manner to the thinner higher yield strength ZAL550 samples. Yielding of the 
adherend also exacerbates peel stress effects and therefore causes failure of the bond at 
lower loads.
4.1.3 Dependence of lap shear strength on bond line thickness
Adams and Grant (115> have conducted three dimensional finite element modelling of the 
lap shear joint that demonstrates a relationship between the peel stresses within the joint 
and the bondline thickness. As the bondline thickness increases, the offset in upper and 
lower loading points also increases which produces a greater amount of bending in the 
specimen. This bending introduces peel stresses and a higher amount of bending will 
produce higher peel stresses. Consequently, the higher bondline thickness causes a lower 
bond strength due to the higher peel stresses. To minimise the effect of the peel stresses, 
tabs were bonded to the ends of the coupons in an attempt to reduce the loading offset. 
This was done by bonding tabs to the ends of the samples to be gripped and ensuring that 
the thickness of the adhesive used to bond the tabs was the same as that used in the 
overlap. The upper and lower loading points were aligned that way. This arrangement 
should minimise the bending stresses. Tests were conducted on samples with and 
without tabs and no differences were observed in the lap shear strength when 
experimental errors are considered (Table 4.1).
Figure 4.1. a) Stress concentration at the end of the joint caused peel stress
b) Illustration of the deformation of adherends during lap shear testing that occurs 
as the loading points come into alignment. The process introduces peel stresses into the 
joint.
Table 4.1 Lap shear test results for samples bonded with and without tabs
(bondline thickness = 1.47 mm)
Average lap shear strength 
(MPa)
Error
(MPa)
With Tabs 1797 + 120
Without Tabs 2010 +410
4.1.4 Effect of glassbeads on lap shear strength
An attempt was also made to control the bondline thickness using glass beads, as used by 
others (43>. Figure 3.5, however, clearly shows that increasing the weight fraction of 
glass beads reduces the lap shear strength. A full description of this effect is given in 
section 3.1.4.
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4.1.5 Summary
It has been found that various joint geometry parameters influence the joint strength as 
they have a direct bearing on the stress distribution (especially peel stress) in the joint. 
Therefore, it may be concluded that:
- lap shear strengths decrease with increasing overlap length, particularly when plastic 
deformation of the adherend occurs.
- load bearing capacity of the joint is limited by yielding of the adherend and may be 
increased by choosing thicker adherends and adherends of higher yield strength
- higher joint strengths are achieved by using thinner bondlines to reduce the offset in 
loading points.
- the decrease in joint strength with increasing bondline thickness is attributed to 
increasing peel stresses within the joint
- the use of glass beads to control the bondline thickness is discouraged
4.2 Width Tapered Cantilever Beam test (WTCB)
Fracture toughness testing of adhesively bonded steel have been carried out to compare 
the initial adhesive strengths of different coated steels and relate this to the interfacial 
properties. The advantages gained from performing fracture testing over traditional test 
methods have been explained in the literature review and therefore no further discussions 
regarding the relative merits and demerits of the fracture test will be made in this chapter. 
However, the validity of WTCB test will be discussed along with other difficulties that 
arose during the test for interpreting the results. The results from the wedge test will also 
be described. The salient features on the effect of WTCB geometry on the fracture energy 
will also be discussed.
4.2.1 Validity of Width Tapered Cantilever Beam Test
The aim of this section is to verify the compliance calibration of the WTCB test. A 
compliance calibration curve for ZHT bonded with AV3131 is shown in Figure 3.6. It
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can be seen that the compliance is proportional to the crack area within the accuracy of the
results, which was largely controlled by the accuracy with which the crack length was
fdC ^measured. From the slope
VdAy
of the compliance calibration graph the fracture energy
'G' was calculated from equation (Equation 48 appendix 'B').
During the compliance calibration, two forms of load/extension curve were noted. The 
first was a continuous failure where the crack opening rate was determined by the cross 
head speed (Figure 4.2). The second was stick/slip behaviour, in which once initiated the 
crack travelled faster than the cross head speed (Figure 4.3). This resulted in the fall in 
applied load until crack propagation became energetically unfavourable and the crack 
stopped. The crack advanced again once the applied load had regained the critical value 
for crack propagation. This behaviour enabled the calculation of fracture energy of crack 
initiation and arrest. AV3131 fractured continuously whereas K138 failed in a stick/slip 
manner.
/
Figure 4.2: Continuous failure with ZHT/AV3131 WTCB specimens.
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.Figure 4.3: Stick slip failure with ZHT/K138 WTCB joints.
For the continuous failure, the load necessary for crack extension was constant, and 
therefore this load 'P' was used to evaluate fracture energy of the joint from equation 53 
in Appendix C.
The variability in the test results (Table 3.2) were due to the fact that lKn load cell was 
used although typical failure loads were under 100N. In the case of zincalume, bonded 
with K138 the failure loads were < ION . This is reflected in the high variability in this 
system. Owing to plastic deformation occurring within the adherend, it was not possible 
to derive any data with ZS and ZAn.
4.2.2 Comparison with Wedge Test
In most cases the fracture toughness recorded from the wedge test is higher than that 
obtained from the WTCB test. This could be explained because of difficulty in locating
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the crack tip in the wedge sample using a stereo microscope. That tended to result in an 
underestimation of the crack length which resulted in an overestimation of fracture 
toughness. The exception to that was ZHT bonded with K138 which had a lower fracture 
energy than calculated from the wedge test.
4.2.3 Bondline thickness - WTCB test
Previous work has shown that the fracture energy first increases and then decreases as 
the bondline thickness increases (40- 41> 43). For thicker bondlines the fracture energy 
remains approximately constant (41). In the present work it was found that Gc was 
constant for bondline thicknesses in the range 0.06mm to 1.12mm.
To explain this phenomenon, it is necessary to examine the reasons for the previously 
observed maxima in fracture energy with varying bondline thicknesses. Kinloch and 
Shaw (41> have explained this behaviour in terms of two opposing effects of the geometry 
of the joint on the size of the plastic zone at the crack tip (Figure 4.4). These workers 
have used a finite element analysis of Wang etal (116) to explain an increase in the length 
of the plastic zone at the crack tip caused by the increasing constraint resulting from 
thinner bondlines (also caused from increasing bond widths and increasing 
adherend:adhesive modulus ratio). This effect is illustrated in Figure 4.5, which shows 
the stress at the crack tip a(r) as a function of the distance from the crack tip (r). The 
length of the plastic zone is defined by the distance rp at which a(r) = ay. As can be seen 
from the Figure, rp increases as the constraint increases. This increase in plastic zone size 
will result in an increase in fracture energy, since a greater volume of material will be 
plastically deformed.
A second effect also occurs, however, which acts to limit the plastic zone size. For bulk 
materials the diameter of the plastic zone can be calculated by equation (25) (41X
1 F G2rp = — . a f -  for plain - strain conditions (25)
^ 6 jt ay
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where Ea and Sy are the Young's modulus and yield stress of the adhesive respectively. 
If the thickness of the adhesive layer is less than 2rp then the high modulus adherends 
will prevent the full development of the plastic zone. This will result in a decrease in 
fracture energy.
This situation may be summarised in Figure 4.6. (41). For very thin bondlines the 
constraint is very high which increases the plastic zone length, but the thickness of the 
plastic zone is limited by the bondline thickness. The optimal condition occurs when the 
bondline thickness is equal to 2rp, since the full thickness of the plastic zone can be 
developed which results in the maximum plastic zone volume. This produces a joint 
toughness that exceeds the bulk adhesive toughness, since the higher constraint of the 
joint produces a longer plastic zone than occurs in the bulk. For higher bondline 
thicknesses the constraint is almost nil and the plastic zone is spherical. The fracture 
energy is equivalent to the bulk value. For even higher bondline thicknesses the fracture 
energy remains constant.
For the epoxy adhesive used in the fracture tests reported in this thesis, the plastic zone 
thickness can be calculated from equation (25). The values for the modulus and yield 
strength typical of epoxy materials (Ea = 3GPa, a y = 50MPa) are used to give an 
approximate value of 2rp = 0.12mm. Since most joints used in this study had bondline 
thicknesses greater than the plastic zone size it can be assumed that the constraint is very 
low and the fracture energy will be similar to the bulk adhesive fracture energy. One point 
in Figure 3.7 corresponds to a bondline thickness of 0.06 mm, which is less than the 
estimated 2rp value. This joint did not show a higher fracture toughness than the bulk 
value as may be expected. Figure 3.7 shows that this observation could be consistent 
with the results of Kinloch as a peak in toughness may occur between 0.25 and 0.06 
mm. More data points are needed in this range to confirm this observation.
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a) k)
Figure 4.4 a) Schematic illustration of the variation of tensile stress at the crack tip as a 
function of distance from the crack tip : a y = yield stress
b) Plastic zone at the crack tip is defined by the volume of material in which the 
tensile stress exceeds the yield stress of the material (41).
Figure 4.5. Schematic illustration of the changes in stress concentration at the crack tip 
that are imposed by the constraint that exists in adhesive joints. The length of the plastic 
zone increases as the constraint increases (41).
Figure 4.6 Schematic illustration of the size of the plastic zone as a function of bondline 
thickness and the corresponding fracture energy (41).
4.2.4 Effect of glass beads on fracture energy
It was found that the fracture mode and fracture energy of the samples varied depending 
upon the glass bead content. It is apparent from the visual examination of fracture 
surfaces that failure occurs along the interface for the sample containing 77% glassbead, 
while it occurs cohesively within the adhesive for the other samples. There are qualitative 
differences between these latter samples, however, with fracture occurring closer to the 
interface for 50% glassbead content than the 1% sample. Therefore, the glassbead content 
changes the failure mode from cohesive to adhesive.
The maximum fracture energy and lap shear strength occurs when no glass beads are 
present because wetting of the adherend is maximised and no weak interfaces are present 
within the material to initiate and facilitate crack growth. When the concentration of glass 
beads becomes very high, the ability of the adhesive to fully wet the surface is reduced 
and voids form at the interface resulting in a decrease in fracture energy and lap shear
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strength. SEM micrographs of the same samples show that high contents of glass beads 
affect the interfacial contact between the adhesive and adherend. M13 (a) and (b) show 
the adhesive side and metal side of the fracture surface of 77% sample, respectively. It is 
apparent from these micrographs that the adhesive has not fully wetted the adherend 
surface and numerous voids had formed at the interface. These voids would significantly 
weaken the interface and facilitate crack propagation. Hence, the fracture energy and lap 
shear strength of 77% sample is much lower than samples of lower glass bead content. 
SEM micrographs of 1% and 50% samples M14 (a) and (b) confirm that the fracture was 
cohesive. However, it is also apparent from these micrographs that the adhesion between 
the adhesive material and the glass beads was poor. This is evident from the smooth clean 
surfaces on the glass beads (arrowed in M14a). The poor adhesion to the glass will 
reduce the fracture toughness of the adhesive, and therefore cause the observed decrease 
in fracture energy and lap shear strength. Similar results have been reported in the 
literature for particulate reinforced plastic composites C116).
M13 (a): SEM micrographs of the WTCB fracture surface of ZHT/AV3131 joints with a 
glass bead contents of 77% ( adhesive side).
13 3
WD= 32 nn 
Photo No 17
M13 (b): SEM micrographs of the WTCB fracture surface of ZHT/AV3131 joints with a 
glass bead contents of 77% (metal side).
M14 (a) SEM micrographs of the WTCB fracture surface of ZHT/AV3131 joints with
Mag=2 0 0 .15 
Detector SE1
1% glass bead content.
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M14 (b): SEM micrographs of the WTCB fracture surface of ZHT/AV3131 joints with 
50% glass bead content.
4.2.5 Summary
It is possible to measure the fracture energy of adhesively bonded sheet steels by using 
the WTCB geometry. It is apparent from the experiments that a minimum yield strength is 
required of the steel to avoid plastic deformation of the adherend prior to crack growth 
which invalidates the analysis used. The exact value of this minimum yield strength will 
depend on the strength of the adhesive. The WTCB test was able to differentiate between 
joints bonded with different adhesives and the calculated value of fracture energy agree 
well with similar systems reported in the literature (65- 69- 70- 71 - 72' 73X
The wedge test was also capable of measuring the fracture energy of adhesively bonded 
coated steels in ambient temperature with similar requirements regarding adherend
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yielding. The accuracy of the calculation of fracture energy from the test was severely 
limited because of difficulties in crack length measurement.
The fact that the WTCB test is less sensitive to geometric factors than the LS test means 
that it is more suitable for analysing the 'material' contributions to adhesion. For this 
reason, fracture energies obtained from the WTCB test are used mainly in this thesis 
when discussion of the adhesion mechanisms occur.
4.3 Relation between Fracture Energy and Lap Shear Strength
The lap shear and WTCB tests provide valuable information on the adhesive joint 
strength. Although the underlying principles forming the basis of explanation for each of 
the tests are different, it would be interesting to observe if any possible relationship exists 
between them. Figure (4.6) clearly show that, in general, joints possessing higher lap 
shear strengths produce higher fracture energy.
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Figure 4.6: Relationship between lap shear strength and fracture energy.
A lap shear joint fails due to the peel stresses near the end of each overlap. Similarly in 
WTCB, the joint fails because of the pure peel stresses. Hence a correlation should exist
□
o
□
□
□
□ AV3131
o o 360HC
o o K138
□
o o
o n
o o o 0
136
between the results of these two tests. However, there are exceptions. For example, 
joints bonded with K138 and 360HC possessed low fracture energy although their lap 
shear strengths were high. However, the mode of failure for the two tests were the same,
i.e. adhesional. It was necessary therefore to examine the interface to explain such 
different results.
4.3.1 Interfacial studies
SEM examination of the interface of WTCB/A V3131 sample (M15) clearly show 
that the adhesive forms a close replica of the ZHT surface (refer 3.6.2). It is obvious 
therefore from this observation that the adhesive while being cured at a high temperature 
filled the undulations on the surfaces thus maximising interfacial bonding and mechanical 
interlocking. A high bond strength was therefore generated with ZHT/AV3131.
The interface between ZAL and K138 (cured at ambient temperature) as shown in 
M16 reveals many voids which are likely to be responsible for the low fracture energy. 
However, when the adhesive was cured at 60°C the SEM of the adhesive side of the 
interface M(17) was found to form a replica of the bare ZAL surface (M9), refer (3.6.2). 
The fracture energy of the joint cured at a higher temperature was also found to be higher 
than the ambient cured epoxy (Figure 4.7). This observation is evident from Figure 4.8 
where it is shown that the fracture energy increases with increasing curing temperature. 
However, a post cured joint following a 24hr ambient cured showed similar strength as 
the ambient cured, indicating that a possible change in the degree of cure induced by a 
higher temperature does not influence the joint strength.
When K138 bonded lap shear specimens were cured in a similar manner, no difference in 
the lap shear strength was observed for samples cured at ambient temperature, at 60°C 
for 1 hour and at ambient + 60° C post cure. Moreover, the Gc and Lap shear strength 
values for K138/ZAL cured at 60°C fit the correlation shown in Figure. 4.6.
It was not possible to study the interface of ZAL/360HC sample because of the 
degradation of the adhesive by the acid.
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M l5. Scanning electron micrograph of the interface of WTCB sample (ZHT bonded with
AV3131).
M16: Scanning electron micrograph of the interface of WTCB sample (ZAL bonded with 
K138 cured at ambient temperature).
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M17: Scanning electron micrograph of the interface of WTCB sample (ZAL bonded with 
K138 cured at higher temperature).
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Figure 4.7: Fracture energy of ZAL/K138 samples.
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Figure 4.8: Variation in fracture energy of WTCB ZAL/K138 joints with curing 
temperatures
4.4 Relation between Surface Energy and F racture Energy
As described in Chapter 1 there is a strong theoretical relationship between joint strength 
and the thermodynamic properties of the surfaces and the interface. Many workers have 
attempted to model the joint strength on the basis of such relationships with mixed 
success. An attempt is made here to apply these theories to develop a model to predict the 
joint strength of bonded coated steels. The basis of the model was given in the 
introduction to Chapter 4.
4.4.1 Gutowski's theory
Gutowski (2°) showed that it was possible to develop a joint strength model for different 
surface pre-treated plain carbon steels. He was able to predict the bond strength by 
developing a relationship between the energy ratio ysiVys and the lap shear strength, 
where ysl was the interfacial energy and ys, the surface energy of the adherend. The
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model revealed that the maximum bond strength occurred at minimum energy ratio, i.e at 
a minimum value for VSL/YS. In thermodynamic terms, that conclusion appeared to be 
valid because at a minimum energy state, any system should attain maximum stability and 
for adhesive joints, this is expected to occur at the minimum energy ratio.
Gutowski's analysis was applied to previously published data O9) by Dyckerhoff and Sell 
who used thin surfactant layers on a steel surface to modify the surface energies. No 
work has been published on the use of this approach for modelling the joint strength of 
metallic and/or organic coated steels. To apply this theory in the present study joint 
strength data for metallic and organic coated sheet steels were selected (from Table 4.2) 
which failed adhesionally when bonded with K138 adhesive. The surface energy of all 
the adherends and the adhesive were determined by Zisman's method which has been 
described in the literature review (section 2.2.3.2) . The results from the lap shear test 
and surface energy analysis are given in Table 4.2:
Table 4.2 Lap shear strength and energy ratios of coated steels
Adherends Vsr/Vs* (20) Lap shear strength (MPa)
ZHT 0.029 15
ZAL 0.107 14
MG 0.016 5
BG 0.041 9
AR 0.097 8
AW 0.163 3
( Y \ 2
(l - a “‘) -  1 - M  
M  V s )
( l - a - M - f l - M
V 1 V Vs )
when a s> 1 
when a ^ 1
The dependence of the lap shear strength on the energy ratio is displayed in Figure 4.9. It 
appears from Figure 4.9 that no correlation exists between the joint strength and the 
energy ratio of the type proposed by Gutowski.
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Figure 4.9: Variation in lap shear strength with energy ratio.
It is expected that the maximum bond strength should be attained at the minimum energy 
ratio but this is not shown in Figure 4.9. All these results were based on only a few steels 
and therefore a general conclusion is not possible unless more adhesive joints were 
tested.
More data were then collected from the results of the lap shear test of other coated steels 
and adhesive combinations for joints failing adhesionally and these are plotted against the 
energy ratio in Figure 4.10. Although the highest lap shear strength occurs at energy 
ratios close to zero, there is a very wide spread of results. In fact, the lowest LSS values 
also occur when ysl7ys tends to 'O'. In conclusion, there appears to be little correlation 
between the surface energy ratio and joint strength for the systems investigated in this 
study.
The inability of the energy ratio model to predict joint strengths for bonded coated steel 
deserve some comments. Gutowski GO) considered only the total surface energy while 
evaluating the energy ratio. The total surface energy arises from the contribution from 
acid base y3*3 and Lifschitz - Van -der Waals (yLW) contributions. There can also be acid
base and LW components of the work of adhesion. The effect of each of these
142
components could be more pronounced on the strength of an adhesive joint for the 
current system under study than the influence of the total work of adhesion.
Figure 4.10: Generalised relationship between ysiVYS and lap shear strength.
4 .4 .2  A c id  - B ase In teractions
For applying the acid - base theory, contact angle analysis has been utilised to measure 
the various components of surface and interfacial energies. The surface energy could be 
divided into polar (p) and dispersive (d) components. The surface energy can also be 
made up of acid-base (ab) and Lifschitz-Van-der-Waals (LW) interactions which include 
both polar and dispersive components of surface energy:
Y = yp + Yc1 (2<5)
or y = Y ^ + YLW (27)
By using equation (27) a new equation could be constructed that includes acid-base 
interactions at the interface. By substituting (27) in the general equation of relationship 
between work of adhesion Wa  and interfacial energy Ysl> i-e- Wa  = YS + YL - YSL
or
WA = 
WA =
ab LW
_ ( r s*+ ysiw)+ (yf+(y^ )-(ys.+ySL
w* + w.A A
LW
) (28)
(29)
143
The interfacial term could be eliminated from (28) through approximations. The LW term 
can be removed for polar materials:
LW '/ LW /"
+ yL ~ 2\ y S V'
_ / LW LW
= 2y r s  y -l
LW LW 
L =
LW
7sl ys
LW
r L
For the acid base component, a combining rule was used (113):
7sl = 2( VrTri
yab = 2 -%/y+v"where, for a pure substance: 7 1 V * i ' L
w j - 2
therefore '
Putting (34) and(31) in (29), we obtain:
W 4 - 2 ( V ^ T + 1 / ^ + 1 / ^ *
(32)
(33)
(34)
(35)
The work of adhesion could be calculated from equation (35) as follows:
The YSb'" ' component may be calculated from the contact angle formed on the solid 
surface by an apolar probe liquid such as diiodomethane:
v LW _  v i w ( l + c o s 0 )
-s Y u  4 (36)
The set of two equations become:
„ / LW LW ^  ^  / -  +
Y L 2 \1+COS /  _  2 lYS YL2 = 2VYs Yl2 + 2 \ Y s Yl2 (37)
L  ' \  „ / LW LW „ / + -  „ / -  +
^L3V1 + COS0/ 2»Ys YL3 = 2VYs YL3 +2\YS VL3 (38)
When the Cos0 for liquids L2 and L3 are measured the equations could be solved. Liquid 
LI is diiodomethane, L2 is water and L3 is formamide.
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Three liquids have been utilised to solve these equations and calculate y+ y- yLW yc
was derived from Zisman’s plot (110)- The list of liquids are given in the Table 4.3 The 
same combination of adherends and adhesives selected for developing the energy ratio 
model were studied. First, the surface energy and acid - base parameters for both the 
metallic and organic coated sheet steel were evaluated.
Table 4.3 Surface energy parameters for probe liquids in M J/m l (113)
Liquid Y Y+ Y" y L W
Water 72.8 25.5 25.5 21.8
Formamide 58 2.28 39.6 39
Diodomethane 50.8 0 0 50.8
The resulting values are shown in Table 4.4 where Wa  was calculated from equation 
(35). Figure 4.11. shows the variation in lap shear strength with total work of adhesion 
calculated from equation 35. It appears from Fig 4.11 that no useful correlation exist 
between Wa and lap shear strength. Since the energy necessary to separate two surfaces 
is propoportional to Wa , it is expected that higher work of adhesion will be necessary to 
separate joints possessing higher lap shear strengths, although the trend in Fig 4.11 
portrays the opposite behaviour. However, the influence of the acid - base component of 
the adherend's surface energy, i.e. 2 (y +y ~)1/2 on the joint strength shows an interesting 
trend (Fig4.12). Fig 4.12 show a general correlation between the joint strength and acid - 
base character of the surface. Thus, for more basic metal surfaces, higher bond strengths 
are achieved. The variability of in the data, however, may also be due to the variation in 
surface roughness of the adhesive.
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Table 4.4Surface energy parameters for unpolished steels bonded with K138 epoxv
Material YS wA Vv7 VF V r
ZHT 40.07 81.34 -0.37 4.74 6.38
ZAL 43.6 71.9 -1.03 5.99 5.87
MG 34.49 79.52 0.06 3.82 6.09
BG 32.32 77.54 -0.13 4.8 5.95
AR 43.08 81.62 1.20 4.06 5.66
AW 46.52 82.53 -0.25 5.29 6.37
K138 38.90 0.484 3.136 6.18
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Figure 4.11: Relationship between total work of adhesion and lap shear strength.
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Figure 4.12: Variation of adherend surface energy parameters with lap shear strength 
when bonded with K138 adhesive.
5
However, for the purpose of developing an adhesive bond model, a more 
universal relationship between Wa and joint strength needs to be established. Therefore, 
some more data were collected from other systems, all of which failed adhesionally. The 
systems investigated were-
• K138 bonded with ZHT, ZAL, AR, BG, AW, MG
• K330 bonded with AW, ZAL, ZS, MG
• K340 bonded with ZHT, ZAL, ZS, AW, MG
• K2018 bonded with ZS, ZAL, ZHT
• K106 with MG, ZHT, AW
• K219 with ZAL, MG, AW, ZHT
The results from those investigation are shown in Figure 4.13:
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Figure 4.13: Dependence of the strengths of adhesionally failed joints on total work of 
adhesion.
The observation in Figure 4.13 is different from Figure (4.11) and no conclusive 
relationship could be drawn from Figure 4.13. It appears therefore, that a universal 
relationship between Wa and the bond strength is limited only to a selected adhesive - 
adherend combination: coated steels bonded with K138 adhesive. The reason for the lack 
of correlation between Wa and LSS for other systems may be due to other contributors to 
adhesion strength: adhesive modulus, surface roughness and interfacial defects. It has 
already been demonstrated in the present study that these factors have a large effect on the 
joint strength. For the adhesive/adherend systems used to generate the data given in 
Figure 4.13 all of these factors vary. The different surface coatings have different surface 
roughness and the adhesives have different mechanical properties and viscosities. 
Considering this, it is not surprising that a correlation between LSS and one contributing 
variable (Wa) was not observed. A more systematic study is needed to determine these 
relationships.
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4 A.2.1 Semi - Empirical model o f Joint Fracture Performance
To develop a relationship between Wa and Gc? the effect of surface roughness on 
Gc will have to be minimised. To achieve this objective only polished adherends were 
used for bonding. To avoid problems with an heterogeneous surface for contact angle 
measurements, unfilled epoxies were used.
Initially, the surface roughness of both the polished and unpolished steels were compared 
(Table 3.4). The surface roughness of the unpolished steel samples were observed to be 
higher than the polished steels. The surface roughness values for all polished steels were 
similar and therefore all the steels represented similar surface topographies before 
bonding.
The measurement of contact angle is affected by contact angle hysteresis owing to the 
effect of surface roughness and in homogeneous chemical composition (11?) of the 
adherend . These workers have found that reliable contact angle measurements were 
possible on surfaces less than 0. lmicron Ra . In the present study the surface roughness 
of the adherends were in the nanometre scale and therefore difficulties in contact angle 
measurements were minimised. The unfilled epoxies are chemically homogeneous 
because of the absence of fillers.
WTCB geometry was utilised for fracture tests because of the independence of this test 
over the joint geometry. Further, the general form of the joint strength model is actually a 
energetic relation therefore WTCB was more suitable. For the WTCB test, only the 
fracture energy values of the joints were selected that failed adhesionally. The results 
from the fracture test is shown in Table 3.3. The resulting relationship between Wa and 
fracture energy Gc for bonded polished steels is shown in Figure 4.14.
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Figure 4.14: Relationship between Wa and Gc for polished WTCB samples.
It should be noted that the Gc values given in Figure 4.14 are much lower than reported 
elsewhere (Figure 3.13). This is due to the use of polished adherends and unfilled epoxy 
adhesives.
It is observed from Figure 4.14 that the fracture energy of the joints increased with an 
increasing Wa- The form of the relationship is unclear, however and it should be 
recognised that the unfilled epoxies used are likely to have different fracture toughnesses. 
To take account of these differences a statistical analysis of the data from Figure 4.14 has 
been used to develop a joint strength model.
4 .4 .2 .2  Sem i - E m pirica l m odel o f  Join t F racture Perform ance  
Introduction
A more generalised model for adhesion must take into account the relationships existing
between between Gc, Wa and Ga (the bulk fracture energy of adhesive) in the form 
(Gc - W A) = KW” Gan (39)
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or (Gc -  WA) = K j(w J)” ' G”1 (40)
Therefore, an equation needs to be developed that correlates (Gc - WA) with each of the 
influencing factors. A statistical software package 'SUPERANOVA1 has been utilised to 
form this general relationship through multivariate regression analysis of the data.
Multivariate regression analysis
Multivariate regression analysis is a general statistical technique used to analyse the 
relationship between a single dependent variable (in our study the 'joint fracture energy, 
Gc) and several independent variables (WA and adhesive fracture energy Gg). Its basic 
formulation is:
Yl = Xi + X2 + ......... Xn (41)
Y ' is a dependent variable and 'X' independent variable. Both 'Y' and 'X' are raw data 
measured in specific units. The object of multiple regression analysis is to use the 
independent variables whose values are known to predict the single dependent value 
selected by the researcher. The relationship between 'Y' and 'X' could be in general 
linear or polynomial in a regression analysis, for example:
Yi= Ci +C2X 1 + C3 X 12 + C4X2 +C3X22 + C4X 1.X2 is one possible polynomial. This 
is a power transformation of independent variable which adds a non-linear component for 
each additional power of the independent variable. So, for example, in this equation X \  is 
the linear effect of Xi on Y and X 12 is a curvilinear effect of Xi on Y. The product 
X 1.X2 is a moderator. This effect is sometimes introduced into the analysis when more 
than one independent variable affects the dependent variable. The linear regression model 
may be written as
Yi = Ci + C2 X i + C3X2 + C4 X iX 2 (42)
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The basis of developing a regression model will be to first assume that a particular 
relationship exists between each independent variable and the dependent variable and then 
using the program to test if those assumptions were correct or not. The program can 
inform whether it is reasonable to accept the assumed relationships. This is possible 
through the presentation of a probability level or 'P' or 'F' value. A small 'P' value 
means that it is unlikely that an 'F  ratio as high or higher than the one observed would 
have occurred by chance alone. That is, a small 'P' value is evidence of a relationship 
between the dependent variable and the independent variable. Small means less than or 
equal to 0 .05(118).
Several procedures were adopted to develop whether any valid relationship 
existed between Gc and Wa . The model that provided the best fit used the relationship: 
ln(Gc — W A) = A + Bln WA + ClnG. + Din WA lnGa (43)
The results of the multivariate analysis are given in Chart 4.1. Overall, the 'P' value is 
0.0003 and the possible model is:
ln(G c - WA) = 127.789 -28.014InWA -17.1051nGa + 3.951nWAInGa.
Since this relationship between ln(Gc - Wa), InWA and lnGa is based on experimental 
values, it would be interesting to find how the net fracture energy ln(Gc - Wa) is related 
to both Wa and Ga within standard of values for Wa and Ga. It is clear from Figure 4.15 
and 4.16 that an approximately linear relationship exists between the logarithm of the net 
fracture energy and Wa and Ga.
The observations in Figures 4.15 and 4.16 are ideal situations. But the general 
conclusion drawn from these graphs is that the fracture energy of a joint increases when 
the selected adhesives possess higher fracture toughness. This is the expected 
relationship which also agrees with earlier observations of different adherends bonded 
with K138 (Figure 4.11).
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Chart 4.1. Printout of multivariate analysis using SUPERANOVA software.
In WA 1 1.694 1.694 3.101 .1037
In Ga 1 3.675 3.675 6.726 .0235
In WA *  In Ga 1 3.790 3.790 6.935 .0218
Residual 12 6.557 .546
Type II 
Source
Sums of Squares
df Sum of Squares Mean Square F-Value P-Value
Dependent: In gc - wA
Model Summary 
Dependent: In gc - wA
Count 16 
R .887 
R-Squared .786 
Adj. R-Squared .732 
RMS Residual .739
Model
Error
Total
df Sum of Squares Mean Square F-Value P-Value
3 24.069 8.023 14.682 .0003
12 6.557 .546
15 30.627
Model Coefficient Table 
Dependent: In gc - wA
Beta Std. Error t-Test P-Value
Intercept 127.789 69.852 1.829 .0923
In WA -28.014 15.908 -1.761 .1037
In Ga -17.105 6.596 -2.593 .0235
In WA * In Ga 3.950 1.500 2.633 .0218
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Figure 4.15: Variation of total work of adhesion with the net fracture energy at a constant 
fracture energy of adhesive, as predicted by the multivariate analysis.
Figure 4.16: Variation with the of total work of adhesion (as predicted by the multivariate 
analysis) with the net fracture energy at a constant work of adhesion.
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Similarly the predicted results show that the joint strength will increase as the Wa of a 
system increases. Again, this is the expected trend. Thus, it may be concluded that the 
multivariate analysis provides a means of predicting the adhesion strength that is 
consistent with the general understanding of adhesion mechanisms.
The ability of the model to accurately predict adhesion fracture energies is tested in Figure 
4.17, which shows the actual and predicted Gc values for joints constructed from 
polished coated steels and unfilled epoxies. Apart from two systems, the agreement is 
good.
Figure 4.17: Actual and predicted Gc values for joints constructed from polished coated 
steels and unfilled epoxies.
Figure 4.18 shows that the model also adequately predicts the adhesion for coated steel 
joints (polished ZHT) that have been bonded with commercial adhesives (K138, K2014 
and K330). This is important since these systems produce much higher bond strengths 
and are more practically important than the unfilled epoxies used to generate the joint 
strength model. The agreement helps to verify the validity of this model since the extra 
data points came from tests not used to construct the model.
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However, in Figure 4.18 the point which corresponds to unfilled HY943 and polished 
carbon steel does not correspond to the predicted value. Further improvements to the 
model may be possible by considering the individual components which make up the total 
thermodynamic work of adhesion, for example W^ 3*3 and W^FW These may influence 
the calculated fracture energy in a more significant way than the total W a . T o  verify this, 
first the extent to which each of the components of Wa influences the total work of 
adhesion was analysed.
----1------1------1------1------1------
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Figure 4.18: The relationship between calculated and measured Gc values when filled 
epoxies are considered.
Figures 4.19 - 4.21 show that for the three polished steels and the unfilled epoxies used 
the LW component is approximately constant. The variation in Wa between the different 
adherend/adhesive combinations arises from differences in Wa3*3 components. It may be 
possible that the acid - base interactions dominate in determining the interfacial adhesion. 
Hence, a new model was fitted based on:
(o, -  WA) = A (w “b)*G^ (44)
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Figure 4.19: For polished Carbon steel.
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Figure 4.20: For polished Zincalume.
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Figure 4.21: For polished Zinc - Hi - ten.
The 'P' value is 0.0003, implying that a possible valid relationship may exist in between 
the dependent and the independent variables.
The possible model will be:
In(G c - WA) =115.241 - 26.1321nWAab-15.126InG a+ 3.6351nWAablnG a.
Wab in the printout is actually
There is a considerable improvement in the correlation between the calculated and 
experimental Gc when the new model is considered, as depicted in Figure 4.22. Chart
4.2 Shows the output from the SUPERANOVA package for the new model.
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Chart 4.2. Printout of multivariate analysis using SUPERANOVA software.
Type III Sums of Squares
Source__________ ■_____ .______ df Sum of Squares Mean Square F-Value P-Value
InWab 1 1.893 1.893 3.345 .0924
InGa 1 3.929 3.929 6.944 .0218
InWab * InGa 1 4.066 4.066 7.186 .0200
Residual 12 6.791 .566
Dependent: ln(Gc - WA)
Model Summary 
Dependent: ln(Gc - WA)
Count 16 
R .882 
R-Squared .778 
Adj. R-Squared .723 
RMS Residual .752
df Sum of Squares Mean Square F-Value P-Value
Model 3 23.838 7.946 14.042 .0003
Error 12 6.791 .566
Total 15 30.629
Model Coefficient Table 
Dependent: ln(Gc - WA)
Beta Std. Error t-Test P-Value
Intercept 115.241 60.366 1.909 .0805
InWab -26.132 14.289 -1.829 .0924
InGa -15.126 5.740 -2.635 .0218
InWab *  InGa 3.635 1.356 2.681 .0200
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Figure 4.22: Correlation between the measured and experimental fracture energy when 
the influence on the fracture energy by the acid base contribution is considered.
Measured Gc (J/m2)
Figure 4.23: Correlation between the measured and experimental fracture energy when 
the influence on the fracture energy by the acid base contribution is considered for both 
unfilled and filled adhesives.
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Like similar approaches before, Wa3*3 data for the filled epoxy were considered for 
calculating the Gc from the model obtained from chart 4.2. The relation between the 
calculated and measured values show a good general agreement, and shows a better fit 
than shown in Figure 4.17 for the previous model.
4.5 Influence of Surface Roughness on Fracture Energy
The effect of surface roughness of ZHT on the joint fracture energy was investigated by 
etching the adherend for different times before bonding.
There is a clear evidence that the joint fracture energy increased with increase in etching 
time (Figure 3.15). SEM of etched ZHT surfaces for 2 mins, (M4) reveal incomplete 
etching. Some flatter regions are present throughout the etched steel surface along with a 
fewer etch pits. The flatter regions do not allow for mechanical interlocking and that was 
why a low fracture energy was obtained with this joint. However, SEM of 5 mins etched 
ZHT surface (M5) reveals a suitable morphology for maximising mechanical interlocking 
which results in the formation of a joint possessing high fracture energy.
From Figure 3.18 it is observed that there is a trend of increasing roughness of the 
etched ZHT with increasing etching time. A comparison between the roughness 
parameter 'Rpm' of adherend is shown in Table 4.5 
Table 4.5 Comparison of roughness parameters of etched ZHT:
E t c h i n g  Time 
(mins)
Rpm (pm)
2 4 + 4
5 6 + 1
There has been some recent work on the effect of surface roughness on polymer - metal 
adhesion (119> in which an AFM was used to quantify the surface roughness. The 
adherend used, however, was aluminium although the adhesive was similar to the one 
employed in this thesis. The fracture energy of aluminium joints was found to increase
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with longer etching times and it was found that Gc was directly proportional to the area 
fraction of the surface that had been etched (i.e. covered by etch pits). This type of study 
was difficult with etched ZHT because of difficulties using the AFM for rough surfaces.
4.6 Durability
This work has generated much data on the degradation of joint strength in a hot and 
humid environment. The percentage retention of strength over length of exposure have 
been studied and some interesting observations have been noted. All these will be 
discussed in this section. On the basis of the mode of failure studied by the unaided eye 
and adhesive water absorption studies, possible reasons for the degradation of adhesive 
joints will be discussed. Initially, consideration based on the performance of each 
adhesive during the lap shear test will be considered and then comparisons will be made 
with the wedge test. Tables 4.7 to 4.9 describes the mode of failures in lap shear tests as 
observed by the unaided eye and Table 4.6 details the modes of failure in the wedge test.
4.6.1 Durability of Zincanneal joints
Figure 3.23 shows that the strength retention of joints bonded with AV3131 varies 
considerably with the type of steel coating. ZAn, for example showed little reduction in 
strength over 8  months exposure. The weak coating adhesion in ZAn meant that failure 
occurred between the Zn coating and the steel adherend. Both the failure surfaces 
revealed bare metal for all samples tested after each month of exposure (Figures 4.24 & 
4.25). The environmental exposure had no effect on the failure mode and no influence on 
the coating/steel adhesion, hence there was negligible reduction in joint strength with 
exposure time.
4.6.2 Durability of Zincseal joints
Examination of the failure surface of ZS joints showed that the adhesive became 
discoloured upon exposure to the hot/humid environment (Figure 4.26). This may
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indicate degradation of the adhesive, which may account for the small decrease in 
adhesive strength with exposure time. Apart from the discoloration of the adhesive, there 
were no other observable changes in the fracture mode for ZS bonded with AV3131.
4.6.3 Durability of ZHT joints
The most dramatic decrease in lap shear strength occurs with ZHT bonded with AV3131, 
with the LSS falling to less than 5% of its initial value after 8  months. By the 5th month 
evidence of zinc corrosion was observed within the overlap and this corrosive effect 
became extensive by the eighth month (Figure 4.27) and therefore the joint strength was 
drastically reduced. The reduction in joint strength of ZHT owing to zinc corrosion 
agrees well with previous work (4-3°). Some workers (4) studied the strength loss 
mechanism of cold rolled and electroplated steel and observed that for the former, the 
activation energy for adhesion loss was identical to activation energy for moisture 
diffusion. But those values were lower than the activation energy for the formation of 
corrosion product. Corrosion, therefore was a post failure phenomenon for cold rolled 
steel. For electroplated steel, however, the activation energies for adhesion loss and 
corrosion product formation were identical and higher than for moisture diffusion and 
therefore corrosion of the electroplated steel was not a post failure phenomenon. 
However, this is unlikely to be the case here because no corrosion was observed when 
ZHT was bonded with K138.
With 360HC the joint strength of bonded ZHT decreased rapidly upon environmental 
exposure. Again significant amounts of white corrosion products were observed on the 
fractured surfaces (Figure 4.28). Poor adhesion of the adhesive enabled the moisture to 
directly attack the Zn layer on the adherend.
Samples bonded with K138 (Figure 3.25) showed improved durability with only 50% of 
the strength lost over 8  months exposure. With this adhesive the joints failed interfacially
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in all cases and there was no visible evidence of corrosion. For some reason the 
corrosion of zinc has been inhibited and this accounts for the improved durability. One of 
the reason could be the presence of esters of fatty acids in K138 which acts as a corrosion 
inhibitor (12°).
4.6.4 Durability of Birch Grey joints
For prepainted steel (BG) a difference in durability was observed for either primed or top 
- coated steels. The top - coated BG showed very little change in joint strength over 8 
months in the hot/humid environment. In contrast, the primed BG showed a decrease in 
LSS of around 50%. The difference arises from the higher initial LSS of primed BG 
compared with top coated BG. After 3 months exposure both primed and top - coated BG 
show identical LSS. The changes in LSS correspond with changes in fracture mode. 
After 8  months exposure both steels failed interfacially, but for BG (primed) failure 
occurred mostly between primer and metal (Figure 4.29) as compared with BG (Top 
coat), where little exposed metal remained visible (Figure 4.30).
With BG (Top coat) bonded with K138, about 25% of the lap shear strength was lost 
which was substantially higher than BG joints bonded with AV3131
The durability of BG bonded with 360HC was very poor with over 95% of strength lost 
over 7 months. The mode of failure of all joints bonded with 360 HC was interfacial. 
This may be due to the fact that rubbery adhesives like 360HC bond weakly to surfaces. 
At the same time since little moisture was absorbed by 360HC (Figure 3.31) it was likely 
that water diffused in between the interface of the adhesive and the top coat. The rate of 
diffusion may be variable every month. There was also the possibility that the organic top 
coat might gradually swell during exposure to humid environment, causing a drop in joint 
strength every month.
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4.6.5 Durability of Zincalume joints
With AV3131, the fractured ZAL joints revealed adhesive discolouration. The mode of 
failure was cohesive initially, but moved to the interface causing a decrease in joint 
strength (Figure 4.31). The ZAL surface is essentially aluminium oxide (ref section 3.6) 
which is known to be sensitive to a harsh environment. Some workers (121) have shown 
that aluminium oxide converts to a weaker aluminium hydroxide layer, causing a decrease 
in joint strength. It is expected that a similar process occurs with bonded ZAL. It is 
informative to compare the durability of ZAL and BG, since the latter is painted ZAL. 
The durability of the BG appears superior to ZAL, although in both cases the failure 
becomes (at least partially) interfacial. The superior durability of the BG may be due to 
the chromate - based "conversion layer" applied to the ZAL primer to paintings. Similar 
chromate pretreatments (such as the FPL process) are known to improve the durability of 
bonded aluminium (122X
ZAL bonded with K138 showed slightly better durability than when AV3131 was used. 
With K138 the failure was interfacial for all joints tested. The improved durability may be 
due to the presence of esters of fatty acids (12°) in K138, which may act as corrosion 
inhibitors.
4.6.6 Comparison of different adhesives
Ingress of moisture into an adhesive layer and to an adhesive - metal interface is known 
to cause the decline in joint strengths for many systems. In this study it has been shown 
that different adhesives produce different durabilities for a given coated steel adherend. 
Water absorption will swell the adhesives and lower its modulus which may lower the 
bond strength. However, other factors such as diffusion of water to the interface and 
gradual degradation of the interfacial bond seems to be the most important factor.
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Since moisture ingress plays a prominent role in determining joint durability, it may be 
expected that the durability would be related to the affinity of the adhesive for moisture. 
In this study, however, this correlation has not been observed in all cases. The general 
trend in durability (best to worst) for most adherends was K138 < AV3131 < 360 HC. 
However, moisture absorption studies (Figure 3.31) shows that the moisture absorption 
decreases in the order 360 HC < K138 <AV3131.
For the two epoxy adhesives (K138 & AV3131) the durability was worst for the 
adhesive that absorbed the most water (AV3131). This may explain why Zinc corrosion 
was evident for ZHT samples bonded with this adhesive and was not evident (at least to 
the unaided eye) when K138 was used.
The reason why the 360 HC adhesive shows the poorest durability and yet apparently 
absorbs very little moisture is unclear. It is possible that water can "wick" along the 
adhesive/metal interface. This is likely to occur when there is a "thermodynamic driving 
force", as has been demonstrated to occur by Kinloch (43). The lower level of adhesion 
of 360HC to the metallic adherends may facilitate this process.
4.6.7 Wedge test - A V3131
The performance of the bonded joints in wedge test agree with all the 
observations with AV3131 adhesive. Overall, in organic coated steel joints the percentage 
of crack growth are lower than metallic coated steel. Initially, the fracture path travelled 
through the adhesive and then the mode of failure was mixed that is either through the 
interface between primer/metal or adhesive/primer. The failure path was cohesive and 
gradually interfacial for joints bonded with ZHT (Figure 4.32) and ZAL (Figure 4.33). 
This observation is a bit different from the lap shear test results where the final strength 
of ZHT was much lower than ZAL. This may be due to the fact that corrosion products 
were observed on ZHT surface only on the 5th month whereas for the wedge test the 
crack growth stabilised after one month thus providing insufficient time for ZHT to 
corrode thereby causing a weaker joint than with ZAL.
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4.6.8 Wedge test - K138
Wedge test results show a different trend than the lap shear tests (Figure 3.29). 
The crack growth in ZHT bonded joint is very rapid. Evidence of corrosion has been 
observed on the failure surface (Figure 4.34) which, unlike A V3131 bonded samples, is 
totally interfacial. The rapid corrosion of ZHT is due to the fact that the steel/adhesive 
interface has been directly exposed to the humid environment from the beginning and 
unlike in lap shear joints, where water vapours had to diffuse through the adhesive and 
proceed towards the interface, a process which, according to visual observation, takes a 
few months. The ZAL was found to be more durable than ZHT. Evidence of corrosion 
was not observed on ZAL (Figure 4.35). For BG (Top coat, the failure was adhesional 
(Figure 4.36).
4.6.9 Wedge test - 360 HC
The crack progressed rapidly along the interface of ZHT/360 HC because of poor 
adhesion of 360HC and rapid corrosion of zinc (Figure 4.37) on being exposed to the 
humid environment. The retention of sufficient strength for ZAL could be attributed to the 
fact that the diffusion of water through the polyurethane to the interface may be slow 
owing to the incapacity of this adhesive to absorb water to the same extent as AV3131 
and K138, thereby forming a more stable interface than ZHT. For BG(Top coat), the 
presence of a low energy organic coating might be responsible for a weaker joint than
ZAL.
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Table 4.6: Mode of failures in Wedge test samples
Adhesive Type of coated 
steel
Mode of failure
AV3131 BG (Top coat) Cohesive (adhesive) initially, 
progressing to interface (adhesive/top 
coat)
AV3131 BG (Primer) Cohesive (adhesive), primer/metal 
interface, adhesive/primer interface
AV3131 ZHT Cohesive (adhesive), progressing 
towards interface (adhesive/metal)
AV3131 ZAL Same as above
K138 ZHT Adhesional (adhesive/metal) 
throughout, corrosion of zinc by 8th 
month
K138 ZAL Adhesional (adhesive/metal) 
throughout, little corrosion of zinc
K138 BG (Topcoat) Adhesional (adhesive/top coat) 
throughout
360HC ZHT Heavy corrosion on metal and adhesive
360 HC ZAL Adhesional (adhesive/metal)
360 HC BG (Top coat) Very little progress of crack.
Table 4.7: Mode of failures in lap shear test (AV3131)
T y p e  o f  
coated steel
Mode of failure
Month 1 Month 7
BG (Primer) Cohesive (adhesive) Adhesional (adhesive/top 
coat, mostly primer/metal)
BG (Top coat) Partly cohesive (adhesive), 
partly adhesional 
(adhesive/top coat)
Adhesional (adhesive/top 
coat)
ZHT Cohesive (adhesive) Adhesional
(adhesive/metal), corrosion 
of Zinc
ZAL Cohesive (adhesive) Adhesional (adhesive/metal)
ZAn Exposed metal on both 
faces
Exposed metal on both 
faces
ZS Cohesive (adhesive) Partly cohesive (adhesive), 
adhesional (adhesive 
/metal), adhesive 
discoloured.
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Table 4.8 :Mode of failures in lap shear test (K138)
Types of coated steel Mode of failure
M onth 1 M onth 7
BG (Top coat) adhesional (adhesive/top 
coat)
adhesional (adhesive/top 
coat), (top coat/primer)
ZHT adhesional (adhesive/metal) adhesional (adhesive/metal)
ZAL adhesional (adhesive/metal) adhesional (adhesive/metal)
Table 4.9: Mode of failures in lap shear test (360HC)
Types of coated steel Mode o ‘ failure
M onth 1 M onth 7
BG (Top coat) Adhesional (adhesive/top 
coat)
Adhesional (adhesive/top 
coat)
ZAL Adhesional (adhesive/metal) Adhesional (adhesive/metal)
ZHT Adhesional (adhesive/metal) Heavy corrosion of Zinc
Figure 4.24: Photograph showing lap shear fracture surface ol ZAn/AV3131 joint after 1
month exposure.
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Figure 4.25. Photograph showing lap shear fracture surface of ZAn/AV3131 joint after 8 
months exposure.
Figure 4.26. Photograph showing lap shear fracture surface of ZS/A V3131 joint after 8
months exposure.
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Figure 4.27. Photograph showing lap shear fracture surface of ZHT/A V3131 joint after 8 
months exposure.
Figure 4.28: Photograph showing lap shear fracture surface of ZHT/360 HC joint alter 7
months exposure.
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Figure 4.29. Photograph showing lap shear fracture surface of BG (Pnmer)/AV3131 
joint after 8 months exposure.
Figure 4.30: Photograph showing lap shear fracture surface of BG (Top coat)/AV3131
joint after 8 months exposure.
172
Figure 4.31: Photograph showing lap shear fracture surface of ZAL/AV3131 joints after 
8 months exposure.
Figure 4.32: Wedge test fracture surface of ZHT/A V3131 joint.
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Figure 4.33: Wedge test fracture surface of ZAL/AV3131 joint.
Figure 4.34: Wedge test fracture surface of ZHT/K138 joint.
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Figure 4.35: Wedge test fracture surface of ZAL/K138 joint.
Figure 4.36: Wedge test fracture surface of BG (Top coat)/K138 joint.
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Figure 4.37: Wedge test fracture surface of ZHT/360 joint.
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5. CONCLUSION AND FURTHER WORK
The lack of specific detail on many aspects of coated sheet steel bonding has been 
discussed in the literature review. In this thesis the science of adhesive bonding has been 
utilised to deliver knowledge about mechanisms of adhesion pertaining to coated steels 
manufactured in Australia along with valuable information regarding adhesive joint 
strengths. Two general models for predicting initial adhesive joint strength have been 
developed. There are however, limitations in predicting joint strengths on the basis of 
these models since they apply only to polished adherends and unfilled adhesives. The 
filled epoxies fitted the model because considering the relationship between ' Gc', 'Wa ' 
and 'Ga', it is obvious that higher work of adhesion will be necessary to separate from an 
adherend an adhesive possessing a higher bulk fracture energy. It is suggested that the 
modelling work be extended to a wider range of other generic adhesives to further test its 
applicability.
One of the most important finding in the modelling work has been the influence of acid - 
base interactions between the adherend and adhesives on joint strength. For practical 
purpose the acid - base parameters and therefore 'Wa ' could be altered by different 
surface pre - treatments for improving joint strength.
This study also revealed the importance of surface roughness of the adherend in 
influencing the fracture energy of adhesive joint. It would have been interesting to 
incorporate in addition to 'WA' and 'Ga' the roughness parameters into the model. This 
was not possible because of difficulties in etching the metallic coated adherends over a 
reasonable period of time without sacrificing the galvanised coating. Modelling work 
incorporating surface roughness of the adherend is suggested for the future with uncoated 
adherends or with those type which possess a thicker layer of galvanised coating than the 
ones utilised for this thesis, although obtaining the latter type of product from the market 
may be difficult.
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The durability assessment, along with the moisture absorption studies generated an 
extensive database on the performance of adhesive joints exposed to a harsh 
environment. However, to further consolidate the data from lap shear test, WTCB joints 
may be exposed to similar environment in future work for comparing the fracture 
energies of different adhesive joints.
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6 . APPENDIX 
APPPENDIX A
M easurem ent of Contact Angles
Many studies have been concerned with the measurement of contact angles with 
the aim of different studies, but the terminology associated with the contact angle is 
different.While in some work equilibrium contact angle (123> 124< 125- 126> has been 
referred to, other studies give a different name to contact angle namely static (127) 
Dynamic (128> 129> 13°) or advancing/receding ( 24 , 1 27 , 1 3 1, i 3 2 ) >
Advancing, receding and equilibrium contact angles have been measured using 
Wilhelmy balance principle (132). Wettability of liquid-solid systems which cannot be 
evaluated by direct contact angle measurements could be measured by this method.During 
the experiment,the adhesion force between the solid and the liquid was recorded as the 
liquid was vertically advanced or retracted on the long axis of the solid.Figure (A. 1)
Figure.A. 1. Wilhelmy plate method of measuring contact angles <132)-
With the adhesion force obtained from this experiment, contact angle and work of 
adhesion could be calculated.Contact angle is determined from the relation-
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mg=pylvc o se e a e r(132)
m=microbalance reading corrected 
for buoyancy(g) 
g=gravitational constant cm/sec 
P=perimeter of the specimen cm, 
determined microscopically.
wetting force vs time curves were plotted (Figure A.2, A.3).
FORCE.
Figure A.2. Dynamic runs with water on platinum wire.Wetting force as function of time 
(132)
FORCE.
Figure A.3.Static run with water on platinum wire in the receding mode t132h 
It is to be noted that AB/CD/EF/GH are not straight line due to surface irregularities but 
BC is smooth because of the contact angle conversion at B.It was found from the 
experiment that a stable equilibrium contact angle does not exist for systems exhibiting 
contact angle hysteresis.
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APPENDIX B
FRACTURE TOUGHNESS OF ADHESIVE JOINTS.
The energy criterion for crack growth is based on the work of Griffith (55). When a 
cracked plate is stressed elastically the work done by the external force (F) is converted to 
strain energy in the plate (U). At a critical load (Pc) the crack will extend, resulting in a 
reduction in the stiffness of the plate and a relaxation of the load as elastic energy is 
released. If no yielding of the plate occurs the criterion for crack extension is that the 
energy released when the crack extends is at least as great as that required for crack 
growth (W). For an incremental increase in the crack area, dA, this can be expressed as:
_d_
dA
( F - U )  =
dW
dA
(45)
the term on the left is known as the "crack extension force" or "strain energy release rate" 
(G) and the term on the right is the "crack resistance force" (R).
As a load (P) is applied to the plate the points of application are displaced (v) and when 
the crack advances an amount dA this displacement will increase an increment dv. From 
equation (45):
/ dv dU
G = P ------ —
V dA dA
(46)
In the case of linear elastic behaviour, displacement is proportional to load, i.e. v = CP, 
where 'C' is the compliance of the plate. The elastic energy in the plate is given by the 
area under the load displacement curve:
U = —Pv = —CP2 
2 2
(47)
Substitution of 'U' into equation (46) gives the following expression for the crack 
extension force:
,d C  „ „ d P  „ „ d P \  P2 dC
G = P^ + CP--------- P2-------CP— -----------
\  dA dA 2 dA  dA/ 2 <?A
(48)
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If the plate has a uniform width (b) this can be written:
where 'a' is the crack length.
2b da.
(49)
Width Tapered Cantilever Beam
In case of a sheet metal it is more convenient to taper the sample width in order to obtain a 
linear compliance variation with crack area. If the width tapered sample is considered as a 
triangular cantilever beam loaded at its apex, then the crack area, A = a.b/2. If a.h, 
deflections due to shear stresses can be ignored and the compliance of the beam can be 
calculated from simple bending beam theory.
c  v a3 12a3 
“ P ” 3EI "  Ebh3
substituting a=2A/b into equation (50):
(50)
C =
24A ( a 
Eh3 lb
(51)
if b=m'a, where m' is a constant, equation (51) can be differentiated to give:
dC 24 (a \  
dA "" Eh3 l b /
(52)
This can now be substituted into equation (48) to give the fracture energy:
12P2 / a \ 2 
° c " Eh3 lb )
(53)
In this case it can be seen that a simple linear relationship between 'a' and 'b' is required 
to enable a crack length independent measure of Gc. A compliance calibration can be 
made by plotting 'C' against 'A' as the crack extends should yield a straight line, the 
slope of which can be substituted directly into equation (48) to calculate the fracture
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energy. A possible drawback to this geometry is that the crack propagation behaviour 
may be influenced by the change in thickness as the crack progresses.
Wedge Test
The wedge test was first analysed by Obreimoff (133). The wedge test sample can be 
considered as a modified double cantilever beam. From the simple beam theory the load 
can be expressed in terms of the sample dimensions and load displacement:
In the elastic region v = CP, therefore:
(54)
C =
8a3
Eh3b
(55)
dC 24a2 
da ~ Eh3b
(56)
Substituting (54) and (56) into equation (49):
G„ =
3h3Ev2
16a4
(57)
In the wedge test V  is taken as the height of the wedge. The major drawback to the 
technique is that the measurement of the fracture energy is highly dependent on the 
accuracy of the crack length measurement.
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Rp = single highest peak = Rp 5
R p m  = mean of highest point within each cut - off = (l/5(Rp 1+Rp 2+Rp 3+Rp 4+Rp 5)
Ry = single deepest valley = Rv 4
R v m  =1/5 (Rv 1 +Rv 2+Rv 3+Rv 4+Rv5)
Note: valley depths are quoted as the absolute value of the profile deviation from the mean line. 
Rtm = Rz DIN = R p m  + R v m
Rz ISO = 1/5 (sum of the five highest peaks plus sum of the five deepest valleys)
Rt = Rv + Rp
Ry = maximum peak to valley height within any one sampling length
Figure A3 Definition of surface roughness parameters t114)-
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